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BODY  OF  REPORT 


A.  STATEMENT  OF  THE  PROBLEM  STUDIED 

Rare  Earth  doped  Ill-nitrides  have  emerged  as  a  new  class  of  luminescent  materials  for  applications  in 
display  technology,  optical  communications,  and  solid-state  lasers  [1-15].  Electroluminescence  (EL)  devices 
have  been  fabricated  at  the  University  of  Cincinnati  (Prof.  Steckl’s  group),  which  produced  a  luminance  of 
-1000  cd/m"  at  an  efficiency  of  -0.15  lm/W  [16],  Very  recently,  the  first  demonstration  of  laser  activity  from 
GaN:  Eu  under  optical  pumping  was  reported  indicating  the  potential  of  RE  doped  nitrides  for  solid-state  laser 
applications  [17]. 

The  recent  success  in  the  development  of  RE  doped  nitrides  light  sources  is  intimately  tied  to  systematic 
investigations  on  the  optimization  of  the  material  synthesis  and  optical  properties  of  RE  ions  [1-15].  As 
photoluminescence  (PL)  investigations  performed  under  this  award  have  shown,  RE  ions  tend  to  occupy 
multiple  sites  within  the  nitride  host  material,  which  exhibit  different  excitation  and  de-excitation  pathways. 
Optimization  studies  of  Er  doped  GaN  thin- films  revealed,  that  the  incorporation  and  excitation  of  Er  ions  is 
strongly  influenced  by  the  gallium  (Ga)  flux  employed  during  MBE  growth.  The  EL  and  PL  emission 
intensities  from  Er  doped  GaN  films  were  maximum  for  materials  grown  under  slightly  nitrogen-rich  growth 
condition.  On  the  contrary,  high  quality  GaN  films  are  typically  grown  under  Ga-rich  growth  condition.  The 
complimentary  behavior  of  intrinsic  GaN  bandedge  emission  and  RE  emission  indicated  the  competition 
between  carrier  recombination  processes  and  Er  excitation  efficiency.  The  red  emission  from  Eu  doped  GaN 
was  further  investigated  during  the  course  of  this  work  for  new  samples  grown  by  conventional  MBE  and 
interrupted  growth  epitaxy  (IGE).  GaN:  Eu  grown  using  IGE  technique  exhibited  improvement  in  the  EL  device 
performance  by  more  then  an  order  of  magnitude  compared  to  conventional  MBE.  During  IGE  the  Ga  shutter  is 
closed  for  a  certain  time  interval,  which  allows  the  GaN:  Eu  film  to  compensate  for  any  nitrogen  deficiency.  An 
important  optimization  parameter  for  the  blue  emission  from  Tm  doped  nitrides  was  the  bandgap  energy  of  the 
host  material.  The  blue  emission  from  GaN:  Tm  was  very  weak  due  to  a  poor  excitation  efficiency.  A  careful 
study  of  the  blue  emission  from  Tm  for  a  series  of  AlGaN  samples  revealed  an  improved  excitation  efficiency 
for  larger  bandgap  energies  of  the  host.  The  highest  Tm  emission  intensity  was  observed  for  an  AlxGai_xN:  Tm 
film  with  x-0.6.  The  obtained  results  demonstrated  that  the  excitation  process  of  RE  ions  in  nitrides  can  be 
optimized  through  bandgap  engineering  of  the  host. 

In  this  final  report,  the  most  important  results  of  laser  spectroscopic  studies  of  GaN:  Er,  AlGaN:Tm,  and 
GaN:  Er  prepared  by  solid-source  MBE  are  summarized.  In  addition,  some  results  of  emission  studies  of  Er 
doped  III-N  heterostructures  are  also  discussed.  More  detailed  information  on  the  perfonned  research  can  be 
found  in  the  attached  manuscripts. 
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B.  SUMMARY  OF  MOST  IMPORTANT  RESEARCH  RESULTS 


The  research  performed  under  this  grant  has  lead  to  15  presentations  at  conferences  and  workshops. 
Moreover,  the  results  were  discussed  in  6  refereed  journal  publications.  The  manuscripts  are  attached  to  this 
final  report.  In  the  following  the  most  important  research  results  are  briefly  summarized: 

1.  Emission  properties  of  Er  doped  GaN  as  a  function  of  Ga-flux  during  solid-source  MBE  growth 

The  optimization  of  the  green  and  1.54  pm  emission  properties  of  Er  doped  GaN  are  critical  for  the 
improvement  of  current  EL  devices  for  display  applications  and  optical  communications  [1-5].  A  careful  study 
of  the  emission  properties  for  varying  growth  conditions  was  performed  at  the  University  of  Cincinnati  and  the 
samples  were  investigated  for  their  emission  properties  at  Hampton  University.  As  was  previously  reported 
[18],  the  green  (2Hn/2,  4S3/2->4Ii5/2)  and  infrared  PL  properties  of  Er3+  ions  in  GaN  are  strongly  dependent  on  the 
Ga-flux  used  during  MBE  growth.  During  the  time  period  of  this  award,  we  have  extended  these  investigations 
to  a  comparison  of  the  Er3+  PL  properties  for  above-  and  below-gap  pumping.  Similar  to  above-gap  excitation, 
the  visible  (green)  and  infrared  (1.5  pm)  Er  PL  intensities  are  strongest  for  slightly  N-rich  growth  conditions 
when  pumped  resonantly  at  496.5  mn  (i.e.  below  the  bandgap  of  GaN). 


Wavelength  (nm) 

Figure  1:  Visible  (a)  and  infrared  lb)  emission  from  Er  doped  GaN  as  a  function  of  Ga-flux  under  below-gap  excitation 
(496.5  nm).  The  Er  +  emission  intensity  reached  its  maximum  under  slightly  N-rich  flux  near  the  stoichiometric  growth 
condition  (Ga-flux:  ~4.5xl0'7  ton)  [18]. 

Based  on  high-resolution  PL  and  pump-power  dependent  PL  studies,  we  concluded  that  the  Er3+ 
incorporation  and  the  concentration  of  optically  active  Er  ions  strongly  dependent  on  the  Ga-flux.  Low 

3+ 

temperature,  high-resolution  PL  measurements  revealed  significant  spectral  changes  of  the  1.5  pm  Er  PL  for 
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samples  grown  with  different  Ga-fluxes.  Moreover,  PL  saturation  experiments  revealed  that  only  a  small 
fraction  (<10%)  of  the  total  Er  ions  in  GaN  are  optically  active  for  samples  grown  under  Ga-rich  conditions. 
The  low  optical  activation  of  Er3+  ions  in  GaN  is  similar  to  recent  observations  made  for  Er  doped 
Si/amorphous  Si  [19].  The  optimization  of  the  optically  active  concentration  of  Er  ions  remains  an  important 
parameter,  which  can  lead  to  a  significant  improvement  of  Er  doped  GaN  based  EL  devices. 

2.  Spectroscopic  studies  of  the  visible  and  infrared  emission  of  Tin  doped  AlGaN  thin  films 

Visible  emission  studies  of  GaN/AlGaN:  Tm 

One  of  the  main  challenges  in  using  RE  doped  GaN  for  full-color  display  applications  has  been  obtaining 
efficient  blue  emission  [1-5].  Previous  studies  have  shown  only  weak  blue  emission  from  Tm  doped  GaN  films 
[20].  During  the  time  span  of  this  grant,  we  have  investigated  PL  properties  of  Tm  ions  in  a  series  of  Tm 
doped  AlxGai_xN  films  (0  <  x  <  1)  grown  by  solid-source  molecular-beam  epitaxy.  It  was  found  that  the  blue  PL 
properties  of  AlxGai_xN:  Tm  vary  significantly  as  a  function  of  A1  content  (fig. 2)  [21]. 
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Figure  2:  Room  temperature  PL  spectra  of  Alfa  ^N:  Tm  excited  at  250  nm.  The  dotted  lines  indicate  the  position  of  the 
blue  PL  arising  from  the  transitions  IG4~>3H6  (-478  nm)  and  1D2~^iF4  (-465  nm).  The  calculated  bandgap  energies  (Eg) 
are  also  indicated  in  the  figure. 
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1  3 

Under  above-gap  pumping,  GaN:Tm  exhibited  a  weak  blue  emission  at  -478  nm  from  the  G4  ->  Th 

3+ 

transition  of  Tm  .  With  increasing  A1  content  an  enhancement  of  the  blue  PL  at  478  nm  was  observed.  In 

1  3 

addition,  an  intense  new  blue  PL  line  appeared  at  -465  nm,  which  is  assigned  to  the  D2  ->  F4  transition  of 
Tm  .  The  overall  blue  PL  intensity  reached  a  maximum  for  x=0.62,  with  the  465  nm  line  dominating  the 
visible  PL  spectrum.  Under  below-gap  pumping,  AIN:  Tm  also  exhibited  intense  blue  PL  at  465  nm  and  478  nm 
as  well  as  several  other  PL  lines  ranging  from  the  ultraviolet  to  near-infrared.  The  Tm  PL  from  AIN:  Tm  was 
most  likely  excited  through  defect-related  complexes  in  the  AIN  host. 

In  frared  emission  properties  o  f  GaN:  Tm/AlGaN:  Tm 


In  this  study,  the  infrared  (IR)  emission  properties  of  in-situ  Tm  doped  AlxGai_xN  thin  films  (0  <  x  <  1) 
prepared  by  solid-source  molecular-beam  epitaxy  were  investigated.  Earlier  work  on  IR  studies  of  RE  doped 
semiconductors  was  mainly  focused  on  the  1.54  pm  emission  from  Er3+  ions  due  to  the  overlap  with  the 
minimum  loss  window  of  silica  based  fibers  [1-5].  The  growing  demand  for  increased  bandwidth  of  optical 
communication  systems  has  prompted  efforts  to  study  the  IR  emission  from  other  RE  ions  such  as  Dy3+  (1.3 
pm),  Pr  (1.3,  1.6  pm),  Nd  (1.3  pm),  and  Tim  (1.48  pm).  Tim  is  currently  considered  the  most  promising 
candidate  for  S-band  optical  amplifiers,  which  cover  a  wavelength  range  from  1450  to  1530  nm  [22]. 


Wavelength  (nm) 

Figure  3:  a)  Infrared  PL  spectra  of  A  If]  a  /_XN:  Tm  films  at  300K  showing  the  intensity  changes  as  a  function  of  Al  content, 
b)  Normalized  IR  PL  of  A  Ifla  /_XN:  Tm  for  direct  comparison  of  spectral  changes  [23] . 
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As  depict  in  figure  3,  all  AlGaN:  Tm  samples  exhibited  1.48  pm  photoluminescence  (PL)  from  the 
3H4“>3F4  transition  of  Tm3+.  The  PL  spectra  were  measured  using  the  UV  Argon  laser  lines  (333.6-363.8)  mn, 
which  corresponds  to  below-gap  excitation  for  AlxGai_xN  samples  with  x  >  0  and  above-gap  pumping  for  x  =  0 
(GaN).  Besides  1.48  pm  PL,  IR  emission  bands  centered  around  1.2  pm  and  1.7  pm  were  observed,  which  can 
be  assigned  to  the  intra-4f  transitions  H5  FL  and  F4  FL  of  Tm  ions,  respectively.  The  absolute 
intensity  of  the  1.48  pm  PL  varied  strongly  with  A1  content  and  reached  a  maximum  for  Alo.8iGao.i9N:Tm.  The 
integrated  1.48  pm  PL  from  Alo.8iGao.19N:  Tm  was  only  weakly  temperature  dependent  and  decreased  by  less 
than  a  factor  of  two  between  15  K  and  300  K.  The  PL  lifetime  of  the  H4  state  decreased  only  slightly  from 
-102  ps  to  -86  ps  for  the  same  temperature  range.  The  results  suggest  that  non-radiative  decay  processes  in  the 

3 

H4  level  are  small  in  Alo.8iGao.19N:  Tm,  which  is  supported  by  the  well-known  energy-gap  law  for  multiphonon 
relaxations.  The  initial  studies  indicate  the  potential  of  AlGaN:  Tm  films  for  electroluminescence  device 
applications  in  the  S-band  optical  communications  window. 

3.  Photoluminescence  studies  of  Eu  doped  GaN  prepared  by  MBE  and  interrupted  growth  epitaxy  (IGE) 

Red  emission  properties  of  GaN:  Eu  prepared  by  conventional  MBE  technique 

During  the  time-period  of  this  report,  we  focused  on  high-resolution  PL  and  PL  excitation  studies  on  Eu 
doped  GaN  films  prepared  by  solid-source  MBE  in  order  to  gain  more  insight  into  the  incorporation  and 
excitation  process  of  Eu  ions.  A  survey  high-resolution  PL  spectrum  of  Eu  doped  GaN  is  shown  in  fig.  4. 


Figure  4:  Emission  spectrum  of  GaN:Eu  at  15K  under  above-gap  excitation.  The  main  emission  features  arising  from  the 
5Do->  7Fj(J=0,1,2,3,4,5)  transitions  are  indicated  in  the  graph. 
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The  main  emission  lines  can  be  assigned  to  the  transitions:  5Do  ->  7F5  (-843  nm),  5D0->  7F4  (-715  nm), 
5D0  ->  7F3  (-664  nm),  5D0  ->7F2  (-622  nm),  and  5D0  ->  7Fi  (-600  nm).  The  weak  emission  features  at  -585  nm 
and  -590  nm  are  most  likely  due  to  5Do  ->  7F0  transitions  suggesting  multiple  Eu3+  centers  in  GaN.  In  order  to 
identify  the  5D0  <->  7F0  transitions  and  associated  Eu3+  centers  more  clearly,  we  have  performed  high-resolution 
PL  excitation  (PLE)  studies  in  the  range  from  560-595  nm  (see  fig.  5).  At  low  temperature  (15  K)  five  PLE 
lines  at  571  nm,  585.8  nm,  587.9  nm,  588.9  nm,  and  589.4  nm  were  observed  and  tentatively  assigned  to  7F0  -> 
Do  transitions.  We  concluded  that  at  least  five  different  Eu  centers  exist  in  GaN:  Eu,  which  can  be  grouped 
into  three  dominant  sites  being  optically  excitable  at  -571nm,  -586  nm,  and  589  nm. 


Wavelength  (nm) 

Figure  5:  High-resolution  PLE  spectrum  of  Eu  doped  GaN  at  15  K.  The  emission  was  monitored  at  - 623  nm.  7F0-D0 
absorption  lines  located  at  571  nm,  585.5  nm,  587.9  nm,  588.9  nm,  and  589.4  nm  can  be  identified. 

More  support  for  the  identification  of  the  different  Eu  centers  was  obtained  from  site-selective  PL 

3_l_ 

measurements  (fig.  6).  Pumping  resonantly  into  each  of  the  PLE  line  revealed  different  Eu  emission  spectra 

3+ 

and  lifetimes.  The  spectral  differences  are  especially  pronounced  for  the  Eu  center  excited  at  571  nm.  It  can  be 
speculated  that  the  571  nm  center  is  associated  with  Eu  ions  in  substitutional  Ga  lattice  positions,  whereas 
the  other  Eu  centers  are  due  to  Eu  ions  incorporated  into  interstitial  sites  with  close  vicinity  to  other  defects 
and  impurities.  Interestingly,  the  PL  spectrum  excited  at  571  nm  is  very  similar  to  PL  spectra  obtained  under 
above-gap  pumping,  which  shows  that  this  Eu  center  dominates  under  carrier-mediated  excitation. 
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Red  emission  properties  of  GaN:  Eu  prepared  by  interrupted  growth  epitaxy  (IGE)  technique 

In  an  effort  to  further  improve  the  overall  red  emission  from  GaN:  Eu,  a  new  set  of  samples  was  grown 
at  the  University  of  Cincinnati  using  the  technique  of  interrupted  growth  MBE  [16].  The  motivation  behind  this 
study  was  to  investigate  the  effect  of  the  III-V  ratio  on  the  Eu  emission  properties  in  Eu  doped  GaN.  Fig.  7 
shows  an  overview  of  the  room-temperature  PL  spectra  of  Eu  doped  GaN  for  various  Ga  shutter  cycling  times. 
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Figure  7.  (a)  Room  temperature  PL  spectra  of  GaN.  Eu  films  under  above-gap  excitation.  The  group  III  shutter  open 
times  are  also  indicated  in  the  graph,  (b)  Integrated  PL  intensity  of  GaN.Eu  films  as  a  function  of  Ga/Eu  shutter  cycling 
time. 
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The  PL  was  excited  using  an  UV  argon  laser  (333.6-363.8  nm),  which  corresponds  to  above-gap  pumping.  The 
characteristic  Eu3+  red  emission  at  ~  622  nm  attributed  to  the  intra-4f  5Do  7F2  transition  was  observed  in  all 
samples  accompanied  by  other  Eu3+  lines  at  ~  601  nm  (5D0  7Fi)  and  ~  663  nm  (5D0  7F3).  The  strongest  red 

emission  was  observed  from  GaN:Eu  with  a  shutter  cycling  time  of  20  min  as  illustrated  in  Fig.  7  (a).  The 
integrated  PF  intensity  as  a  function  of  Ga  shutter  cycling  time  is  also  depicted  in  Fig.  7  (b).  It  can  be  noticed 
from  Fig.  7,  that  the  main  red  emission  line  consisted  of  two  peaks  at  ~  620  nm  and  ~  622  nm.  The  intensity 
ratio  of  these  two  PF  lines  changed  as  a  function  of  Ga  shutter  cycling  time.  The  GaN:Eu  sample  with  the 
strongest  Eu  PF  intensity  exhibited  mainly  emission  from  the  620  nm  PF  line.  The  observation  of  two  strong 
5Do  7F2  PF  lines  suggests  the  existence  of  two  dominant  Eu3+  sites  (labeled  in  figure  8  as  site  1  and  site  2).  It 
is  also  interesting  to  note  that  the  PF  line  at  ~  633  nm  was  unusually  pronounced  in  some  GaN:Eu  samples,  and 
was  correlated  with  the  620  nm  PF  line  intensity.  The  weak  emission  lines  at  583,  586,  and  589  nm  are  most 
probable  due  to  5Do  7Fo  transitions  further  indicating  the  existence  of  different  Eu3+  centers  in  GaN:Eu 
samples  grown  by  IGE  technique. 

To  gain  more  insight  in  the  Eu  PL  properties  of  GaN:Eu  prepared  by  IGE,  PL  spectra  were  recorded 
under  resonant  intra-4f  Eu  excitation  using  the  471  nm  output  of  an  OPO  system  [Fig.  8  (a)].  Nearly  identical 
Eu3+  PL  spectra  with  the  5Do  7F2  emission  line  at  -  622  nm  were  observed  for  all  samples.  This  observation 
suggests  that  Eu  site  2  is  dominant  under  resonant  pumping.  The  normalized  PL  spectra  under  above-gap 
excitation  are  shown  in  Fig.  8  (b)  for  comparison. 


580  600  620  640  660  580  600  620  640  660 

Wavelength  (nm) 

Figure  8.  Normalized  PL  spectra  of  GaN:  Eu  under  (a)  resonant  and  (b)  above-gap  excitation.  The  group  III  shutter  open 
times  during  IGE  growth  are  also  indicated  in  the  graph. 

The  differences  in  PF  spectra  under  above-gap  and  resonant-excitation  further  indicate  that  different 
Eu3+  centers  were  formed  in  GaN  during  the  IGE  growth  process.  Compared  to  above-  gap  excitation,  resonant 
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Eu  excitation  preferentially  excited  only  one  Eu  site  (site  2).  The  PL  decay  monitored  at  ~  622  nm  under 
resonant-excitation  showed  that  the  transients  are  nearly  exponential  with  variations  in  1/e  lifetimes  ranging 
from  ~  100-215  ps.  Overall,  GaN:Eu  samples  grown  by  IGE  technique  provide  great  promise  for  improved  EL 
device  performance  in  display  applications.  Moreover,  the  recent  observation  of  laser  action  from  Eu  doped 
GaN  under  optical  excitation  indicates  the  potential  of  this  material  for  solid-state  laser  application  [17].  The 
first  realization  of  an  electrically  pumped  RE  doped  semiconductor  laser  seems  also  possible  using  Eu  doped 
GaN. 

4.  Electroluminescence  and  Photoluminescence  studies  of  Er  doped  GaN  hetrostructures 

As  part  of  a  collaboration  between  the  Army  Research  Office,  SVT  Associates,  Kansas  State  University,  and 
Hampton  University,  initial  studies  of  Er-doped  III-N  double  heterostructures  (DHs),  namely 
AlGaN/GaN:Er/AlGaN  grown  on  sapphire,  were  performed.  Compared  to  single  heterostructures 
AlGaN/GaN:Er,  the  DHs  films  showed  a  significant  enhanced  1.54  pm  emission  from  Er3+  ions,  suggesting  a 
more  efficient  carrier  confinement  in  the  quantum  well  region  (fig.  9)  [24]. 


Figure  9.  Infrared  PL  spectra  of  a  7  nm  GaN:Er/AlGaN  SH  (dotted  line)  and  a  7  nm  AlGaN /GaN :Er/ AlGaN  DH  (solid 
line).  The  spectra  were  measured  at  300  K  using  pump  radiation  at  336-363  nm. 

Some  EL  device  performance  studies  of  the  quantum  well  like  structures  were  also  carried  out  Hampton 
University  during  time  period  of  this  grant  (see  fig.  10).  1.54  pm  emission  was  observed  under  forward  and 
reverse  bias  conditions.  The  EL  intensity  was  slightly  stronger  under  reversed  biased  excitation  and  the  EL 
spectrum  was  significantly  narrower.  These  results  indicate  that  a  different  subset  of  Er  ions  was  electrically 
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excited  depending  on  biasing  conditions.  Further  optimization  of  the  growth  and  device  fabrication  of  these 
quantum  well  structures  is  needed  to  fully  explore  their  potential  for  optoelectronic  device  applications. 


Figure  10.  Room  temperature  infrared  EL  spectra  of  the  GaN.Er  LED  under  forward  and  reverse  bias  excitation. 
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We  report  on  spectral  and  time-resolved  photoluminescence  (PL)  studies  performed  on  Eu-doped 
GaN  prepared  by  solid-source  molecular-beam  epitaxy.  Using  above-gap  excitation,  the  integrated 
PL  intensity  of  the  main  Eu3  +  line  at  622.3  nm  (5D0— >7F2  transition)  decreased  by  nearly  90% 
between  14  K  and  room  temperature.  Using  below-gap  excitation,  the  integrated  intensity  of  this 
line  decreased  by  only  ~50%  for  the  same  temperature  range.  In  addition,  the  Eu3  +  PL  spectrum 
and  decay  dynamics  changed  significantly  compared  to  above-gap  excitation.  These  results  suggest 
the  existence  of  different  Eu3+  centers  with  distinct  optical  properties.  Photoluminescence 
excitation  measurements  revealed  resonant  intra-4/  absorption  lines  of  Eu3  +  ions,  as  well  as  a  broad 
excitation  band  centered  at  —400  nm.  This  broad  excitation  band  overlaps  higher  lying  intra-4/ 

Eu3+  energy  levels,  providing  an  efficient  pathway  for  carrier-mediated  excitation  of  Eu3+  ions  in 
GaN.  ©  2003  American  Institute  of  Physics.  [DOI:  10.1063/1.1560557] 


The  visible  and  infrared  light  emissions  from  rare-earth- 
doped  GaN  (GaN:RE)  are  of  significant  current  interest  for 
applications  in  thin-hlm  electroluminescence  (EL) 
devices. 1-4  For  achieving  red  light  emission,  the  5D0-^7F2 
intra-4/  transition  of  trivalent  Eu3+  ions  seems  most  prom¬ 
ising.  Intense  red  photoluminescence  (PL)  around  622  nm 
from  GaN:Eu  (as-grown  and  ion-implanted)  has  been  re¬ 
ported  from  several  research  groups. 1-9  In  addition,  several 
EL  device  structures  based  on  GaN:Eu  have  been 
demonstrated.1  7  The  optimization  of  present  EL  devices, 
however,  requires  a  more  detailed  understanding  of  the  in¬ 
corporation,  excitation,  and  emission  properties  of  Eu3  +  ions 
in  the  GaN  host  matrix. 

Several  studies  have  recently  appeared  focusing  on  the 
preparation  and  optical  properties  of  GaN:Eu.4  11  Based  on 
the  comparison  to  RE  ions  in  other  III-V  semiconductors 
(e.g.,  InP:Yb,12  GaAs:Er13),  the  most  probable  lattice  loca¬ 
tion  for  Eu3+  ions  in  GaN  are  (substitutional)  Ga  sites, 
which  have  C3V  symmetry.  However,  significant  differences 
in  the  Eu3  +  PL  properties  have  been  observed  depending  on 
the  material  preparation.  Monteiro  et  al.1  studied  Eu- 
implanted  GaN  and  Eu  in  situ  doped  GaN  grown  by  metal- 
organic  chemical  vapor  deposition.  They  observed  significant 
differences  in  the  Eu3  +  PL  properties,  including  the  number 
of  emission  lines  associated  with  the  5D0— >7F2  transition. 
Based  on  optical  spectroscopy  and  Rutherford  backscattering 
studies,  the  authors  concluded  that  the  local  symmetry  of  the 
Eu3+  ions  has  to  be  lower  than  C3 v  symmetry.7  Bang  et  al.9 
studied  Eu-doped  GaN  prepared  by  gas-source  molecular- 
beam  epitaxy  (MBE)  and  concluded,  based  on  extended 
x-ray  absorption  fine-structure  data,  that  Eu3+  occupies  Ga 
sites  with  C3y  symmetry.  It  was  also  suggested  that  more 
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than  one  local  environment  of  Eu3+  ions  may  exist  in  the 
investigated  GaN  samples. 

In  this  letter,  we  present  PL  results  on  GaN:Eu  prepared 
by  solid-source  MBE,  which  provide  spectroscopic  evidence 
for  the  existence  of  different  Eu3+  sites  with  distinct  optical 
properties.  Moreover,  we  report  results  of  PL  excitation 
(PLE)  studies  that  identify  the  position  of  higher  intra-4/ 
Eu3  +  energy  levels  as  well  as  the  existence  of  a  broad  defect 
band  close  to  the  conduction-band  edge.  This  Eu-related  de¬ 
fect  level  seems  to  play  an  important  role  in  the  efficient 
carrier-mediated  excitation  of  Eu3  +  ions  in  GaN. 

The  investigated  GaN:Eu  sample  was  prepared  by  solid- 
source  MBE  using  a  Riber  MBE-32  system  on  a  p- Si  (111) 
substrate.4  Solid  sources  were  used  to  supply  the  Ga  (7N 
purity)  and  Eu  (3N  purity)  fluxes.  A  rf  plasma  source  was 
used  to  generate  atomic  nitrogen.  For  the  nitrogen  plasma  a 
rf  power  of  400  W  and  a  N2  flow  rate  of  1.5  seem  were 
employed.  The  Ga  cell  temperature  ranged  from  870  to 
890  °C.  A  GaN  buffer  layer  was  first  deposited  for  10  min  at 
a  substrate  temperature  of  600  °C.  For  the  main  growth,  the 
substrate  temperature  was  ramped  to  800  °C.  The  Eu  cell 
temperature  was  400  °C,  resulting  in  an  estimated  Eu  con¬ 
centration  of  — 1020- 1021/cm3  (<2  at.  %). 

PL  measurements  were  performed  with  an  argon  ion  la¬ 
ser  for  above-gap  (336.3-363.8  nm)  and  below-gap  excita¬ 
tion  (457.9  nm),  respectively.  For  temperature-dependent  PL 
studies  the  sample  was  mounted  on  the  cold-finger  of  a  two- 
stage,  closed-cycle  helium  refrigerator.  The  visible  emission 
was  dispersed  in  a  1-m  monochromator  and  detected  with  a 
thermoelectrically  cooled  photomulitiplier  tube  (PMT).  PL 
lifetime  measurements  were  performed  with  a  third  harmonic 
output  of  a  pulsed  Nd:YAG  laser  for  above-gap  excitation 
(355  nm).  Below-gap  excitation  (  —  460  nm)  was  achieved 
using  the  output  of  an  optical  parametric  oscillator  (OPO) 
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FIG.  1.  (a)  PL  spectra  of  GaN:Eu  under  above-gap  excitation  (336—363  nm) 
at  14  and  300  K.  (b)  PL  decay  transients  under  above-gap  excitation  (355 
nm)  at  14  and  300  K.  The  inset  in  (a)  shows  the  high-resolution  spectrum  in 
the  region  of  the  red  Eu3+  line  at  622.4  nm. 


FIG.  2.  (a)  PL  spectra  of  GaN:Eu  under  below-gap  excitation  (457.9  nm)  at 
14  and  300  K.  (b)  PL  decay  transients  under  below-gap  excitation  (460  nm) 
at  14  and  300  K. 


system.  The  PL  decay  signals  were  detected  by  a  PMT  and 
averaged  using  a  digitizing  oscilloscope.  The  UV  and  visible 
output  of  a  narrow-band  (A\  — 0.1  cm-1)  OPO  system  were 
employed  for  PLE  studies.  The  PLE  spectrum  was  normal¬ 
ized  to  the  pump  energy  of  the  excitation  source. 

High-resolution  (A\  — 0.1  nm)  PL  spectra  of  GaN:Eu  at 
low  (14  K)  and  room  temperature  under  above-gap  excita¬ 
tion  are  shown  in  Fig.  1(a).  Characteristic  intra-4/  Eu3  + 
emission  lines  were  observed  in  the  visible  spectral  region 
and  were  assigned  in  accordance  with  previous  reports  of 
Eu3+  ions  in  solid  hosts.14'15  The  strongest  Eu3+  emission 
line  peaked  at  622.3  nm  and  was  attributed  to  the  transition 
5D()— >7F2.  The  full  width  half  maximum  (FWHM)  linewidth 
of  the  622.3  nm  emission  was  determined  to  be  —1.6  nm  at 
300  K.  This  linewidth  is  less  than  half  of  the  value  reported 
by  Li  et  al.10  for  GaN:Eu  prepared  by  gas-source  MBE  on 
sapphire  substrate,  which  indicates  that  the  investigated 
sample  is  of  higher  crystalline  quality  and  good  uniformity. 
The  inset  in  Fig.  1  shows  that  at  14  K,  the  red  emission  line 
splits  into  three  main  lines  located  at  620.8,  621.6,  and  622.5 
nm,  and  several  weaker  lines  at  shorter  and  longer  wave¬ 
lengths.  For  Eu3+  ions  in  C3V  site  symmetry  only  three 
crystal-field  levels  are  predicted  for  the  5D0— >7F2 
transition. 15  The  observation  of  more  than  three  lines  there¬ 
fore  suggests  a  local  site  symmetry  lower  than  C3V  ■  An  un¬ 
ambiguous  assignment  of  the  observed  emission  lines  and 
Eu3+  site  symmetry,  however,  is  not  possible  because  of  the 
existence  of  different  Eu3  +  sites  in  GaN  as  will  be  discussed 
in  the  following.  Moreover,  it  is  possible  that  some  emission 
lines  arise  from  electron-phonon  interactions  and/or  other 
impurities.15 

The  PL  decay  transients  under-above  gap  excitation 
monitored  at  —622  nm  at  14  and  300  K  are  shown  in  Fig. 
1(b).  It  can  be  noticed  that  the  decay  transients  are  slightly 
nonexponential  with  a  fast  initial  decay  component  followed 
by  a  longer  decaying  component.  Fitting  the  room- 
temperature  transient  to  a  double-exponential  decay  (inset 
equation)  revealed  that  the  fast  decay  component  was 

—  30  /xs  and  the  slow  decay  component  had  a  value  of 

—  240  yits.  Li  et  al.  previously  reported  that  GaN:Eu  samples 

Downloaded  08  Apr  2003  to  137.198.30.131.  Redistribution  subji 


with  Eu  concentrations  up  to  —2.2  at.  %  do  not  show  PL 
concentration  quenching.10  Therefore,  energy  transfer  pro¬ 
cesses  resulting  in  nonexponential  decay  behavior  should  be 
negligible  in  the  investigated  sample.  Nonexponential  decay 
transients  have  been  observed  previously  for  other  RE-doped 
semiconductors  (e.g.,  GaN:Er, 16,17  AlN:Er,18  GaAs:Er,19 
Si:Er20)  and  were  attributed  to  the  existence  of  different  Er3  + 
sites  with  distinct  decay  channels. 

Direct  evidence  for  the  existence  of  different  Eu3  +  sites 
was  obtained  from  PL  measurements  using  below-gap  exci¬ 
tation.  Near  resonant  intra-4 /  Eu3+  excitation  was  carried 
out  using  the  457.9-nm  output  of  an  argon-ion  laser.  The 
spectral  resolution  in  these  measurements  was  only  —0.8  nm 
because  of  the  weaker  signal  strength  compared  to  above-gap 
excitation.  The  low-temperature  PL  spectrum  revealed  sig¬ 
nificant  spectral  differences  compared  to  above-gap  excita¬ 
tion  [Fig.  2(a)].  It  can  be  noticed  that  the  shoulder  located  at 
—  624.9  nm  has  gained  significant  intensity  relative  to  the 
main  line  at  622.3  nm  originating  from  the  5D0— >7F2  transi¬ 
tion.  Moreover,  the  Eu3+  decay  transients  at  14  and  300  K 
were  found  to  be  single  exponential  and  nearly  independent 
of  temperature  [Fig.  2(b)].  The  PL  decay  time  was  deter¬ 
mined  to  be  —240  /rs,  which  matched  the  slow-decaying 
component  identified  in  the  above-gap  transients  shown  in 
Fig.  1(b).  The  data  indicate  that  under  below-gap  excitation 
only  a  subset  of  the  Eu3+  ions  are  selectively  excited. 

In  Fig.  3  are  shown  the  integrated  PL  intensity  and  life¬ 
time  of  the  red  Eu3+  emission.  Using  above-gap  excitation, 
the  integrated  PL  was  quenched  by  —90%  as  the  tempera¬ 
ture  increased  from  14  to  300  K.  The  average  PL  lifetime 
(defined  as  the  area  under  the  decay  transients),  decreased 
only  slightly  (—10%)  for  the  same  temperature  range  indi¬ 
cating  that  nonradiative  decay  processes  only  weakly  affect 
the  Eu3+  PL.  Therefore,  the  strong  Eu3+  PL  quenching  un¬ 
der  above-gap  excitation  is  attributed  to  the  temperature  de¬ 
pendence  of  the  carrier-mediated  energy  transfer  process  be¬ 
tween  the  Eu3+  ions  and  the  GaN  host.  Using  below-gap 
pumping,  the  integrated  Eu3  +  PL  intensity  decreased  by  only 
a  factor  of  2  between  14  and  300  K,  and  the  PL  lifetime  was 

nearly  constant.  Therefore,  the  weak  Eu3+  PL  quenching 
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FIG.  3.  Temperature  dependence  of  the  integrated  PL  intensity  (solid 
circles)  and  PL  lifetime  (open  circles)  of  GaN:Eu  under  (a)  above-gap  and 
(b)  below-gap  excitation. 


with  below-gap  excitation  is  due  to  a  slight  change  in  the 
excitation  efficiency.21 

More  information  on  the  Eu3  +  excitation  and  de¬ 
excitation  properties  was  derived  from  PLE  measurements 
depicted  in  Fig.  4.  The  PLE  spectrum  allows  the  identifica¬ 
tion  of  several  intra-4/  Eu3  +  absorption  lines  located  at 
~412  nm  (7F0— >5D3),  -471.2  nm  (7F0^5D2),  -533.7  nm 
(’Fo-^DO,  -543.5  nm  (^-^Dj),  and  -590  nm  (7Fi 
— >5D0).  A  broad  excitation  band  (FWHM— 21  nm)  was  cen¬ 
tered  at  —  400  nm  (3.1  eV),  which  overlapped  the  higher- 
lying  Eu3+  transition  7F0— >5D3.  This  band  also  overlaps  the 
transition  7F0— >5L6.14  Based  on  Fourier  transform  infrared 
measurements,  Li  et  al. 10  recently  reported  a  Eu-related  de¬ 
fect  level  at  0.37  eV  below  the  conduction  band  of  GaN. 
Such  a  band  closely  matches  the  observed  broad  PLE  band 
identified  in  Fig.  4.  The  PLE  results  for  GaN:Eu  suggest  that 
the  broad-defect  level  provides  an  efficient  pathway  for  the 
carrier-mediated  energy  transfer  between  Eu3+  ions  and  the 
GaN  host.  It  is  interesting  to  note  that  a  defect  level 


FIG.  4.  PLE  spectrum  at  300  K  of  GaN:Eu  monitored  at  622.3  nm.  The 
dotted  line  indicates  a  break  in  the  relative  PLE  signal  because  of  a  change 
in  the  OPO  excitation  source. 


—  400  nm  was  also  observed  in  the  PLE  spectra  of  Er- 
implanted  GaN.17  Previously,  RE-related  trap  levels  have 
been  proposed  as  a  means  to  explain  the  excitation  of  intra- 
4/  transitions  of  RE  ions  in  other  III-V  semiconductors, 
e.g.,  InP:Yb12  and  GaAs:Er.13 

In  summary,  we  have  obtained  spectroscopic  results  of 
the  optical  properties  of  Eu3+  ions  in  GaN:Eu  prepared  by 
solid-source  MBE.  Wavelength-dependent  PL  studies  re¬ 
vealed  the  existence  of  different  Eu3+  centers  with  distinct 
optical  properties.  PLE  measurements  have  provided  evi¬ 
dence  for  a  defect-related  trap  level  that  may  be  involved  in 
the  energy  transfer  between  the  GaN  host  and  the  Eu3+  ions. 
It  seems  likely  that  the  carrier-mediated  excitation  of  RE 
ions  in  Ill-nitrides  can  be  optimized  through  careful  manipu¬ 
lation  of  the  RE-related  defect  levels  and  higher  lying  intra- 
4/  RE  transitions.  This  manipulation  could  possibly  be 
achieved  through  band-gap  engineering  of  the  host  or 
through  co-doping  with  sensitizer  ions.  Further  comparative 
PLE  studies  of  other  RE-doped  Ill-nitrides  are  currently  in 
progress  to  support  the  defect-mediated  excitation  model. 
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We  report  on  the  photoluminescence  (PL)  properties  of  in  situ  Tm-doped  AIA.Ga|  _A.N  films  (0=£x 
*£  1 )  grown  by  solid-source  molecular-beam  epitaxy.  It  was  found  that  the  blue  PL  properties  of 
ALGai  fN:Tm  greatly  change  as  a  function  of  A1  content.  Under  above-gap  pumping,  GaN:Tm 
exhibited  a  weak  blue  emission  at  —478  nm  from  the  1G4— >3H6  transition  of  Tm3  +  .  Upon 
increasing  A1  content,  an  enhancement  of  the  blue  PL  at  478  nm  was  observed.  In  addition,  an 
intense  blue  PL  line  appeared  at  —465  nm,  which  is  assigned  to  the  'D2— »3F4  transition  of  Tm3  +  . 
The  overall  blue  PL  intensity  reached  a  maximum  for  x  =0.62,  with  the  465  nm  line  dominating  the 
visible  PL  spectrum.  Under  below-gap  pumping,  AlN:Tm  also  exhibited  intense  blue  PL  at  465  and 
478  nm,  as  well  as  several  other  PL  lines  ranging  from  the  ultraviolet  to  near-infrared.  The  Tm3  + 
PL  from  AlN:Tm  was  most  likely  excited  through  defect-related  complexes  in  the  AIN  host. 
©  2003  American  Institute  of  Physics.  [DOI:  10.1063/1.1631742] 


Light  emission  from  rare-earth  (RE)-doped  III-N  semi¬ 
conductors  is  of  significant  current  interest  for  applications 
in  electroluminescence  (EL)  devices. 1-4  Previous  work  on 
visible  emission  from  RE-doped  III-Ns  was  mainly  focused 
on  RE-doped  GaN.1  3  Photoluminescence  (PL)  and  cathod- 
oluminescence  (CL)  data  have  been  reported  from  nearly  all 
lanthanide  ions  doped  into  GaN. 1-3  Visible  EL  devices  based 
on  RE-doped  GaN,  however,  have  only  been  demonstrated 
from  GaN:Eu  (red), 1,5,6  GaN:Er  (green),7  and  GaN:Tm 
(blue).8  One  of  the  main  challenges  in  using  RE-doped  GaN 
for  full-color  display  applications  is  obtaining  efficient  blue 
emission.  While  dominant  blue  emission  has  been  reported 
from  GaN:Tm  EL  devices,8  9  the  overall  device  efficiency 
was  significantly  lower  than  results  obtained  for  GaN:Eu 
(red)  and  GaN:Er  (green).2  For  RE-doped  AIN,  red  emission 
has  also  been  reported  from  Eu,  and  green  emission  from  Er- 
and  Tb-doped  amorphous  and  crystalline  films. 10-1 2  Re¬ 
cently,  blue  CL  was  reported  from  Tm-impanted  AIN13  and 
efficient  blue  EL  was  demonstrated  from  in  situ  Tm-doped 
AlGaN  films.14 

In  this  letter,  we  report  on  the  PL  properties  of 
AlvGa|  AN:Tm  films  under  above-  and  below-gap  pumping. 
Tm-doped  AftGa1_,cN  films  with  x=0  (GaN),  0.16,  0.29, 
0.39,  0.62,  0.81,  and  1  (AIN)  were  grown  by  solid-source 
molecular-beam  epitaxy  on  p- type  Si  (111)  substrates.  El¬ 
emental  Al,  Ga,  and  RE  sources  were  used  in  conjunc¬ 
tion  with  a  rf-plasma  source  supplying  atomic  nitrogen. 
The  Tm  cell  temperature  was  fixed  at  600  °C,  leading  to  a 
Tm  concentration  between  —0.2  and  —0.5  at.  %.  The 
Alj.Ga^^NtTm  films  were  grown  for  1  h  at  550  °C  and  a 
growth  rate  of  —0.5  /im/h.  Adjusting  the  Al  cell  temperature 
during  growth  controlled  the  Al  content  in  the  films.  The 
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total  flux  of  Ga  and  Al  was  kept  constant.  The  PL  was  ex¬ 
cited  using  the  UV  output  (250  nm,  10  ns  pulses,  10  Hz 
repetition  rate)  of  an  optical  parametric  oscillator  (OPO)  sys¬ 
tem.  For  low-temperature  PL  measurements,  the  samples 
were  mounted  on  the  cold  finger  of  a  closed-cycle  helium 
refrigerator.  Visible  PL  spectra  were  recorded  using  a  0.5  m 
monochromator  equipped  with  a  photomultiplier  tube  for 
light  detection.  The  signal  was  processed  using  a  boxcar  av¬ 
erager,  and  PL  lifetime  transients  were  recorded  using  a  digi¬ 
tizing  oscilloscope. 

Figure  1  shows  an  overview  of  the  normalized  PL  spec¬ 
tra  of  Tm-doped  AlJCGa1_,[N  with  x=0,  0.16,  0.21,  0.39, 
0.62,  and  0.81.  The  calculated  bandgap  energies  using  Veg- 
ard’s  law  and  a  bowing  parameter  of  b  =  1  are  3.39  eV 
(GaN),  3.71,  3.82,  4.26,  4.91,  and  5.56  eV,  respectively.15 
The  PL  was  excited  using  the  250  nm  (—4.96  eV)  output  of 
an  OPO  system,  which  corresponds  to  above-gap  pumping 
for  A^Gai  samples  with  x^0.62.  Similar  to  previous 
reports,8,9  the  visible  PL  from  GaN:Tm  is  characterized  by  a 
broad  band  extending  from  —400  to  600  nm  and  near-band- 
edge  emission  at  —367  nm.  A  weak  blue  PL  line  located  at 
—478  nm  from  the  'G4  >3H6  transition  of  Tm3+  is  hardly 
observable.  The  infrared  PL  at  —803  nm  is  tentatively  as¬ 
signed  to  the  intra-4/  transition  3H4— >3H6  of  Tm3+  ions.9 
Changing  from  GaN:Tm  to  AlJtGa1_xN:Tm  led  to  pro¬ 
nounced  changes  in  the  PL  properties.  Upon  increasing  Al 
content,  the  478  nm  PL  line  gained  in  intensity  and  was 
clearly  observed.  The  broadband  emission  was  also  sharply 
reduced.  The  strongest  emission  from  the  1 G4  — > 3  H 6  transi¬ 
tion  at  478  nm  was  obtained  for  x=0.39.  Interestingly,  two 
other  PL  lines  were  observed:  a  weaker  line  at  —370  nm  and 
a  dominant  blue  line  at  —465  nm.  The  PL  intensity  of  the 
465  nm  line  was  several  times  larger  compared  to  the  478 
nm  PL.  The  overall  strongest  blue  PL  intensity  was  measured 
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FIG.  2.  High-resolution  PL  spectrum  of  AlN:Tm  at  room  temperature.  The 
PL  was  excited  at  250  nm,  which  correspond  to  below-gap  pumping.  The 
assignment  of  the  intra-4/  transitions  of  Tm3+  is  indicated  in  the  figure.  The 
inset  shows  the  infrared  PL  spectrum  around  1450  nm. 


Wavelength  (nm) 

FIG.  1.  Room-temperature  PL  spectra  of  AfCia,  ,  N:Tm  excited  at  250  nm. 
The  dotted  lines  indicate  the  position  of  the  blue  PL  arising  from  the  tran¬ 
sitions  *G4— >3H6  ( — 478  nm)  and  *D2— >3F4  (—465  nm).  The  calculated 
bandgap  energies  (£?)  are  also  indicated  in  the  figure. 


from  Al0  62Ga0  38N:Tm  with  the  465  nm  line  being  roughly 
ten  times  more  intense  than  the  478  nm  line. 

The  observation  of  new  PL  lines  in  Al  fGa|  AN:Tm  can 
be  explained  by  the  change  in  bandgap  energy  of  the  host. 
Tm3+  has  higher  excited  states  above  the  'G4  level,  which 
are  located  at  -3.4  eV  ([D2)  and  -4.2  eV  (1I6/3P0). 16,17 
The  energy  of  the  !D2  level  is  very  similar  to  the  bandgap 
energy  of  GaN  (see  Fig.  3).  Therefore,  no  emission  from  the 
D2  level  is  observed  from  GaN:Tm.  Upon  increasing  the 
bandgap  energy  of  AIAGa|  _XN,  the  D2  level  moves  within 
the  bandgap  of  the  host,  which  results  in  the  observation  of 
PL  lines  at  370  and  465  nm.  Based  on  the  comparison  to 

16,17  . 


existing  literature, 

to  the  'D2— »3FL  and  1 D2— UF4  transitions  of  Tm1 


the  370  and  465  nm  lines  are  assigned 
j2— *  n6  anu  'Dt— >3F4  transitions  of  Tm3  +  . 

Figure  1  also  indicates  that  the  excitation  efficiency  of 
the  !G4  level  of  Tm3+  is  enhanced  in  AlrGai_AN:Tm 
samples  compared  to  GaN:Tm.  As  mentioned  earlier,  hardly 
any  blue  Tm3+  PL  was  observed  in  GaN:Tm.  A  similar  poor 
above-gap  pumping  efficiency  was  reported  for  Tb3  +  ions  in 
GaN:Tb.ls  The  weak  PL  excitation  efficiency  was  explained 
using  a  defect-related  energy  transfer  model  as  proposed  by 
Takahei  et  al.  for  RE-doped  semiconductors.19  In  this  model, 
RE  doping  of  a  semiconductor  leads  to  the  formation  of  RE- 
related  levels  in  the  bandgap  of  the  host.  These  levels  can 
trap  free  carriers,  which  subsequently  recombine  and  transfer 
their  energy  to  intra-4/  RE  transitions.  Recent  studies  have 
identified  RE-related  traps  for  GaN:Eu, 19,20  GaN:Tb,19  and 
GaN:Er21  at  —0.3-0.4  eV  below  the  conduction  band  of 
GaN.  The  recombination  energy  of  carriers  trapped  at  the 
RE-related  defects  in  GaN  is  then  estimated  to  be  — 3.0 — 3.1 
eV,  which  energetically  matches  intra-4 /  transitions  of  Eu3  + 


and  Er1  1 ,  respectively. 16  On  the  other  hand,  TbJ+  ions  do 

not  exhibit  intra-4/  transitions  in  that  energy  range,  prevent- 

Downloaded  12  Dec  2003  to  137.198.30.96.  Redistribution  subject 


ing  an  efficient  carrier-mediated  excitation  process  in 
GaN:Tb.  Assuming  that  Tm3+  also  induces  a  defect-level  in 
GaN,  similar  arguments  for  the  weak  above-gap  excitation 
efficiency  can  be  applied  to  GaN:Tm  Within  the  defect- 
related  energy  transfer  model,  however,  the  excitation  effi¬ 
ciency  of  the  Tm3+  can  be  optimized  by  a  modification  of 
the  bandgap  energy.  Upon  increasing  Al  content,  higher  ex¬ 
cited  states  of  Tm3+  ( lD2/1I6/3Pl)  move  within  the  bandgap 
of  AlvGa|  _A.N,  which  provide  additional  channels  for  the 
energy  transfer  between  defect  levels  and  Tm3+  ions.  Future 
investigations  are  necessary  to  identify  Tm-related  defects  in 
AlrGa1_tN:Tm  to  support  the  defect-related  energy  transfer 
model.  In  addition,  it  cannot  be  excluded  that  chemical  ef¬ 
fects  related  to  the  presence  of  Al  change  the  Tm3+  incorpo¬ 
ration  and  excitation  mechanisms,  similar  to  observations 
made  for  Er-doped  AlGaAs.22 

The  high-resolution  PL  spectrum,  with  excitation  at  250 
nm,  of  AlN:Tm  at  room  temperature  is  shown  in  Fig.  2.  The 
PL  was  dominated  by  intense  blue  PL  lines  centered  at  —465 
and  —478  nm.  The  average  lifetimes  of  the  465  and  478  nm 
lines  were  determined  to  be  —2  and  —33  /jls,  respectively. 
The  lifetimes  were  nearly  temperature  independent,  suggest¬ 
ing  that  nonradiative  decay  processes  are  small.  The  different 
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FIG.  3.  Free-ion  energy  level  diagram  of  Tm3+  ions  and  observed  transi¬ 
tions  in  AlN:Tm.  The  bandgap  of  GaN  is  also  indicated  in  the  figure,  along 
with  PL  lifetimes  for  several  excited  states  of  Tm3  + . 
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Wavelength  (nm) 

FIG.  4.  Below-gap  pumping  of  AlN:Tm  using  different  excitation  wave¬ 
lengths  in  the  UV  region.  The  blue  PL  from  Tm3  +  can  be  excited  of  a  wide 
range  of  wavelengths  from  ~320  down  to  220  nm  (lower  wavelength  limit 
of  OPO  laser  system). 

lifetimes  also  provide  further  support  that  the  two  blue  PL 
lines  arise  from  different  transitions  of  Tm3  +  ,  namely,  D2 
»3F4  (465  nm)  and  'G4— >3H6  (478  nm).  Besides  the  domi¬ 
nant  blue  PL,  AlN:Tm  exhibited  several  weaker  PL  lines 
ranging  from  the  UV  to  the  near-infrared  spectral  region. 
Emission  at  1440  nm  was  also  observed  from  AlN:Tm  (inset 
of  Fig.  2),  which  arises  from  the  well-known  Tm3+  transi¬ 
tion  3 H4  — * 3 F4 . 17  The  identification  of  the  remaining  PL 
lines  was  facilitated  by  a  careful  analysis  of  PL  lifetimes.  It 
was  found  that  the  Tm3+  PL  originates  from  four  excited 
states  of  Tm3  +  ,  namely,  the  1 16 ,  'D2,  'G4,  and  3H4  with 
room-temperature  lifetimes  of  ~0.5,  —2,  —33,  and  —35  /ns, 
respectively  (Fig.  3).  Since  the  1 G4  and  3H4  states  have  simi¬ 
lar  PL  lifetimes,  the  origin  of  the  —805  nm  PL  was  clarified 
by  pumping  resonantly  into  the  G4  and  3F2  excited  state  at 
—478  and  —675  nm,  respectively.  Moreover,  since  the  —805 
nm  PL  can  be  pumped  resonantly  in  the  3F2  excited  state,  it 
has  to  be  due  to  the  4H4— >3H6  transition  of  Tm3  +  .  Based  on 
the  comparison  to  Tm3  +  -doped  insulating  materials,16,17  we 
tentatively  located  the  1 16  level  below  the  3P0  state.  A  final 
identification  of  the  energy  position  of  *I6  and  3P0  levels, 
however,  requires  further  investigations. 

It  is  also  interesting  to  note  that  the  Tm3+  PL  was  effi¬ 
ciently  excited  below  the  bandgap  of  AIN  using  the  250  nm 
output  from  an  OPO  system.  Since  Tm3+  has  no  intra-4/ 
transition  absorption  line  close  to  250  nm,16  the  excitation  of 
Tm3+  ions  in  AIN  must  occur  through  defects  in  the  AIN 
host.  A  similar  below-gap  excitation  mechanism  was  ob¬ 
served  for  AlN:Er.23  Excitation-wavelength-dependent  stud¬ 
ies  showed  that  the  Tm3+  PL  can  be  excited  over  a  wide 
wavelength  range  starting  from  —320  down  to  220  nm,  as 
shown  in  Fig.  4.  It  can  be  seen  that  the  ratio  of  emission  from 
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the  'Dt  (—465  nm)  and  'G4  (—478  nm)  levels  varied  as  a 
function  of  excitation  wavelength.  This  result  suggests  the 
existence  of  different  Tm3+  centers,  which  are  selectively 
excited  through  different  defects. 

In  summary,  the  PL  properties  of  AI,Ga|  xN:Tm  were 
investigated.  Under  above-gap  pumping,  GaN:Tm  exhibited 
only  a  weak  blue  emission  from  the  'G4— >3H6  transition  of 
Tm3  +  .  A  significant  enhancement  of  the  blue  Tm3+  emission 
was  observed  from  Tm-doped  Al^Gaj-  j.N  samples.  Besides 
emission  from  the  'G4— >3H6  transition,  a  second  blue  emis¬ 
sion  line  appeared  around  465  nm,  which  was  assigned  to  the 
'D2— >  3F4  transition  of  Tm3  +  .  The  overall  strongest  blue  PL 
emission  was  measured  from  Alj-Gai-^NiTm  with  x=0.62. 
Strong  blue  emission  from  the  D2  and  1 G4  levels  of 
Tm3+  was  also  observed  from  AlN:Tm  under  below-gap 
excitation.  The  large  sensitivity  of  the  blue  emission  from 
Tm3+  on  the  Al  content  of  AI^Ga,  A.N  indicates  the  possi¬ 
bility  to  optimize  the  RE  excitation  and  emission  properties 
through  careful  bandgap  engineering  of  the  host. 
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Abstract 

The  emission  properties  of  rare  earth  (RE)-doped  GaN  are  of  significant  current  interest  for  applications  in  full  color  displays,  white  lighting 
technology,  and  optical  communications.  We  are  currently  investigating  the  photoluminescence  (PL)  properties  of  RE  (Er,  Eu,  Tm)-doped 
GaN  thin-films  prepared  by  solid-source  molecular  beam  epitaxy.  The  most  intense  visible  PL  under  above-gap  excitation  is  observed  from 
GaN:Eu  (red:  622  nm)  followed  by  GaN:Er  (green:  537  nm,  558  nm),  and  then  GaN:Tm  (blue:  479  nm).  In  this  paper,  we  present  spectroscopic 
results  on  the  Ga-flux  dependence  of  the  Er3+  PL  properties  from  GaN:Er  and  we  report  on  the  identification  of  different  Eu3+  centers  in 
GaN:Eu  through  high-resolution  PL  excitation  (PLE)  studies.  In  addition,  we  observed  an  enhancement  of  the  blue  Tm3+  PL  from  AlGaN:Tm 
compared  to  GaN:Tm.  Intense  blue  PL  from  Tm3+  ions  was  also  obtained  from  AlN:Tm  under  below-gap  pumping. 

©  2003  Elsevier  B.V.  All  rights  reserved. 

PACS:  78.40.  Fy;  78.55.-m;  78.55.Et 
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1.  Introduction 

Rare  earth  (RE)-doped  Ill-nitrides  have  recently  emerged 
as  a  new  class  of  phosphor  materials  for  thin-  and  thick-film 
electroluminescence  devices  [  1 — 4] .  Compared  to  previously 
studied  RE-doped  semiconductors  with  relatively  small 
band-gap  (<~1.5eV)  like  e.g.  GaAs  or  Si  [5],  RE  doping 
of  wide  band-gap  semiconductors  such  as  GaN,  AIN,  and 
SiC  has  led  to  the  observation  of  intense  RE  emission  at 
room  temperature  [6,7].  In  addition,  studies  of  GaN:Er  and 
GaN:Eu  have  shown  that  RE3+  ions  can  be  incorporated 
into  GaN  at  concentrations  as  high  as  1-2  at.%  without 
significant  emission  concentration  quenching  [8,9].  Current 
research  efforts  on  RE-doped  nitrides  are  focused  on  the 
optimization  of  existing  materials  and  EL  devices  [2,3,7], 
evaluation  of  different  doping  techniques  and  dopant/host 
combinations  [4,7,10-12],  as  well  as  fundamental  spec¬ 
troscopic  studies  aimed  towards  a  better  understanding  of 
the  RE  incorporation,  excitation  schemes,  and  emission 
efficiency  [7,13-16]. 
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In  this  paper,  we  present  spectroscopic  results  of  the  PL 
properties  of  GaN:Er  as  a  function  of  Ga-flux  employed 
during  molecular  beam  epitaxy  (MBE)  growth.  As  will  be 
discussed  in  more  detail,  the  Ga-flux  during  growth  signifi¬ 
cantly  impacts  the  Er3+  lattice  location  and  the  concentration 
of  optically  active  Er3+  ions.  High-resolution  PL  excitation 
(PLE)  studies  were  carried  out  on  GaN:Eu,  which  allowed 
the  identification  of  5Do  ++  7Fo  transitions  and  associated 
Eu3+  centers.  Finally,  we  report  on  initial  PL  studies  of 
Tm-doped  AlA-Gai_AN  (0  <  x  <  1)  and  the  enhancement 
of  the  blue  Tm3+  emission  with  increasing  A1  content. 


2.  Experimental  details 

Rare  earth  (Er,  Eu,  Tm)-doped  GaN  and  Tm-doped 
A]xGai_AN  films  with  x  =  0.13,  0.24,  0.29,  0.44,  and  1 
(AIN)  were  grown  by  solid-source  MBE  on  p-type  Si(l  1  1) 
substrates.  Elemental  Ga,  Al,  and  RE  sources  were  used  in 
conjunction  with  a  radio  frequency  (rf)-plasma  source  sup¬ 
plying  atomic  nitrogen.  The  RE  concentration  in  the  GaN 
and  AlGaN  films  varied  between  ~0.5  and  ~1  at.%.  More 
details  on  the  sample  preparation  were  published  previously 
[2,17]. 
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PL  spectra  were  measured  using  either  the  UV  argon 
laser  lines  (336-363  nm)  or  a  visible  argon  laser  line  at 
496.5  nm.  PL  excitation  spectra  were  recorded  using  an  Op¬ 
tical  Parametric  Oscillator  system  as  the  excitation  source. 
For  low-temperature  PL  measurements  the  samples  were 
mounted  on  the  cold-finger  of  a  closed-cycle  helium  re¬ 
frigerator.  Infrared  PL  spectra  were  recorded  using  aim 
monochromator  equipped  with  a  liquid-nitrogen  cooled  Ge 
detector.  In  visible  PL  studies  a  thermo-electric  cooled  pho¬ 
tomultiplier  tube  was  employed  for  detection.  The  signal 
was  processed  using  lock-in  techniques  or  using  a  boxcar 
averager.  The  obtained  PL  spectra  were  not  corrected  for  the 
spectral  response  of  the  setup. 


3.  Results  and  discussion 

3.1.  Er-doped  GaN 

It  was  previously  reported  that  the  visible  and  infrared 
emission  properties  of  Er3+  ions  in  GaN  films  are  strongly 
dependent  on  the  Ga-flux  during  growth  [18].  Under  above 
band-gap  excitation  the  Er3+  PL  emission  reached  its  max¬ 
imum  under  slightly  N-rich  growth  conditions.  On  the  con¬ 
trary,  the  band-edge  emission  from  the  GaN  host  reached 
its  maximum  under  Ga-rich  growth.  This  observation  lead 
to  the  conclusion  that  the  Ga-flux  strongly  influences  the 
carrier-mediated  excitation  efficiency  of  Er3+  ions  [18]. 
In  the  following,  more  detailed  spectroscopic  study  on  the 
Ga-flux  dependence  of  the  Er3+  PL  properties  are  pre¬ 
sented.  Er-doped  GaN  samples  grown  under  Ga-fluxes  with 
beam  equivalent  pressures  ranging  from  2.2  x  1  0“ 7  Torr 
(“N-rich”)  to  6.9  x  10-7  Torr  (“Ga-rich”)  were  investigated 
[18].  The  stoichiometric  growth  condition  as  determined  by 
film  thickness  saturation  was  ~4  to  5  x  1 0'  7  Torr. 

The  visible  and  IR  PL  spectra  under  below  band-gap  exci¬ 
tation  (496.5  nm)  are  shown  in  Fig.  1.  This  excitation  wave¬ 
length  overlaps  an  intra-4f  Er3+  absorption  line  (4Ii5/2  — » 
4F9/2)  [19,20].  Similar  to  above-gap  excitation  [18],  theEr3+ 
PL  strongly  varied  with  Ga-flux  under  resonant  excitation 
and  reached  a  maximum  under  slightly  N-rich  growth  con¬ 
dition.  Since  both  excitation  schemes,  carried-mediated  and 
resonant  intra-4f,  exhibited  the  same  Er3+  PL  behavior  it 
can  be  concluded  that  the  carrier-mediated  Er3+  excitation 
is  only  weakly  affected  by  the  Ga-flux  during  growth. 

Fig.  2  shows  the  high-resolution  1.54  |xm  Er3+  PL  spec¬ 
tra  of  GaN:Er  samples  grown  under  different  Ga-fluxes.  A 
significant  decrease  in  the  1.54  |xm  PL  linewidth  can  be  no¬ 
ticed  as  well  as  the  appearance  of  new  spectral  features  with 
increasing  Ga-flux.  The  spectral  narrowing  of  the  emission 
lines  is  consistent  with  the  higher  crystalline  quality  of  GaN 
grown  under  Ga-rich  conditions  [18,21].  The  observation  of 
new  spectral  lines  indicates  that  Er3+  ions  are  incorporated 
into  different  lattice  locations  depending  on  the  Ga-flux. 

More  information  on  the  optical  activation  of  Er3+  in 
GaN  can  be  drawn  from  power  dependent  PL  studies  under 
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Fig.  1.  Visible  (a)  and  infrared  (b)  emission  from  Er-doped  GaN  as  a 
function  of  Ga-flux  under  below-gap  excitation  (496.5  nm).  For  both  cases, 
the  Er3+  emission  intensity  reached  its  maximum  under  slightly  N-rich 
flux  near  the  stoichiometric  growth  condition  (Ga-flux:  ~4.5  x  10  7  Torr). 


above-gap  excitation  (see  Fig.  3).  All  investigated  samples 
exhibited  the  onset  of  1.54  |xm  PL  saturation  at  relatively 
low  pump  intensities  (<2  W/cm2),  consistent  with  a  high  ex¬ 
citation  efficiency  for  above-gap  pumping  [16].  At  the  same 
time,  it  can  be  noticed  that  the  Er3+  PL  saturation  level 
greatly  varied  for  the  different  samples.  It  has  been  discussed 
in  the  literature  before  [16,22],  that  the  Er3+  PL  saturation 
level  is  determined  by  the  product  of  concentration  of  op¬ 
tically  active  Er  ions  (Ne r)  and  radiative  decay  rate  (wrad)- 
PL  lifetime  studies  revealed  that  io'racj  is  approximately  in¬ 
dependent  of  Ga-flux.  Therefore,  the  large  difference  in  the 
PL  saturation  is  attributed  to  a  large  difference  in  the  con¬ 
centration  of  optically  active  Er3+  ions.  As  can  be  derived 
from  Fig.  3,  the  PL  saturation  level  and  hence  Ngr  is  ~17 
times  larger  for  the  sample  grown  under  slightly  N-rich  con- 
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Fig.  2.  High-resolution,  infrared  emission  spectra  at  15  K  from  Er-doped 
GaN  grown  under  different  Ga-fluxes.  The  emission  was  excited  using 
below-gap  excitation  (496.5  nm). 
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Fig.  3.  Pump  intensity  dependence  of  the  1.54  (xm  PL  from  GaN:Er 
samples  grown  with  different  Ga-flux  during  growth.  The  emission  was 
excited  using  above-gap  excitation  (336-363  nm).  The  solid  lines  are 
guides  for  the  eye. 

ditions  compared  to  that  grown  under  Ga-rich  conditions.  In 
contrast,  previous  secondary  ion  mass  spectroscopy  (SIMS) 
studies  have  shown  that  the  total  Er  concentration  in  the  in¬ 
vestigated  GaN:Er  films  varied  only  by  roughly  a  factor  of 
two  [18],  Therefore,  the  PL  saturation  result  from  Fig.  3  re¬ 
veal  that  in  GaN:Er  grown  under  Ga-rich  conditions  only  a 
small  fraction  (<10%)  of  the  total  Er  concentration  is  opti¬ 
cally  active  under  above-gap  pumping.  Similar  observations 
were  reported  for  Er-doped  crystalline  and  amorphous  Si 
[23].  More  comparative  PL  saturation  studies  employing  a 
well-characterized  Er3+  sample  (e.g.  Er-doped  Si02)  are  re¬ 
quired  to  determine  the  absolute  concentration  of  optically 
active  Er3+  ions  in  GaN:Er. 

3.2.  Eu-doped  GaN 

Eu-doped  GaN  is  of  great  interest  for  display  applications 
because  of  its  bright  red  emission  peaking  around  622  nm 
[14,24-28].  Eu3+  is  also  known  as  a  “spectroscopic  probe” 
for  the  local  environment  of  Eu3+  ions  in  solids,  because  the 
main  emitting  level  is  the  non-degenerate  5Do  state  [20].  For 
example,  observing  the  5Do  -o-  7Fo  transition  allows  one  to 
identify  the  number  of  emitting  Eu3+  centers  in  a  given  host. 
Fig.  4  gives  an  overview  of  the  low  temperature  emission 
of  GaN:Eu.  The  main  emission  lines  can  be  assigned  to  the 
transitions:  5Do  — ►  7Fs  (~843nm),  5Do  — »■  7F4  (~715nm), 
5Do  — >■  7F3  (~664nm),  5Do  — »■  7F2  (~622nm),  and  5Do  — > 
7Fi  (~600nm).  The  weak  emission  features  at  ~585  and 
~590nm  are  most  likely  due  to  5Do  — >  7Fo  transitions 
suggesting  multiple  Eu3+  centers  in  GaN  [14,27,28]. 

In  order  to  identify  the  5Do  -o-  7Fq  transitions  and  as¬ 
sociated  Eu3+  centers  more  clearly,  we  have  performed 
high-resolution  PL  excitation  studies  in  the  range  from  560 
to  595  nm.  The  spectral  resolution  in  the  PLE  measurements 
was  limited  by  the  linewidth  of  the  employed  excitation 
source  (~0.2cm_1)  (Fig.  5). 


Fig.  4.  Emission  spectrum  of  GaN:Eu  at  15  K  under  above-gap  excitation. 
The  main  emission  features  arising  from  the  5Do-7Fj  (J  =  0,1. 2, 3,4,5) 
transitions  are  indicated  in  the  graph.  More  details  on  the  identification 
of  the  5Do-7F0  transitions  are  presented  in  Fig.  5. 


At  room  temperature,  four  PLE  peaks  were  observed  at 
571,  585.2,  588.8,  and  591.7  nm.  With  decreasing  temper¬ 
ature  the  peak  at  591.7  nm  reduced  in  intensity  and  was 
not  observed  at  15  K.  Therefore,  this  line  does  not  originate 
from  the  7Fo  ground  state,  but  is  due  to  the  thermal  popula¬ 
tion  of  higher  lying  7Fi/7F2  manifolds.  The  linewidth  of  all 
PLE  peaks  observed  at  room-temperature  narrowed  slightly 
with  decreasing  temperature  and  some  fine  structure  was  re¬ 
solved.  At  low  temperature  (15  K)  five  PLE  lines  at  571, 
585.8,  587.9,  588.9,  and  589.4  nm  were  observed  and  tenta¬ 
tively  assigned  to  7Fo  — »■  5Do  transitions.  The  7Fo  — »■  5Do 
transition  at  ~571nm  is  at  an  unusually  low  wavelength, 
but  similar  cases  have  been  reported  [29,30] .  Therefore,  we 
conclude  that  at  least  five  different  Eu3+  centers  exist  in 
GaN:Eu. 


Wavelength  (nm) 


Fig.  5.  High-resolution  PLE  spectrum  of  Eu-doped  GaN  at  15  K.  The 
emission  was  monitored  at  ~623nm.  Absorption  lines  located  at  571, 
585.5,  587.9,  588.9,  and  589.4  nm  are  tentatively  assigned  to  the  7Fo-5Do 
transitions. 
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Fig.  6.  Site-selective  PL  spectra  at  15  K  excited  at  571,  585.5,  587.9, 
588.9,  and  589.4 nm.  The  Eu3+  center  excited  at  571  nm  is  distinct  from 
the  other  Eu3+  centers  and  dominates  under  above-gap  excitation. 

More  support  for  the  identification  of  the  different  Eu3+ 
centers  was  obtained  from  site-selective  PL  measurements. 
Pumping  resonantly  into  each  of  the  PLE  line  revealed  differ¬ 
ent  Eu3+  emission  spectra  and  lifetimes  as  shown  in  Fig.  6. 
The  spectral  differences  are  especially  pronounced  for  the 
Eu3+  center  excited  at  57 1  nm.  This  Eu3+  center  exhib¬ 
ited  a  relatively  narrow  5Do  —*■  7F2  PL  at  ~622nm  with 
a  nearly  exponential  lifetime  of  ~235  |xs.  The  '’Do  — »■  7F2 
PL  spectra  of  the  other  Eu3+  centers  are  broader  and  shifted 
to  longer  wavelength  (~624nm).  In  addition,  the  PL  decay 
transients  of  these  Eu3+  centers  are  non-exponential  with 
average  lifetimes  of  less  than  200  (jls.  The  smaller  linewidth 
of  the  57 1  nm  Eu3+  center  indicates  less  inhomogeneous 
broadening  compared  to  the  other  Eu3+  centers.  It  can  be 
speculated  that  the  57 1  nm  center  is  associated  with  Eu3+ 
ions  in  substitutional  Ga3+  lattice  positions,  whereas  the 
other  Eu3+  centers  are  due  to  Eu3+  ions  incorporated  into 
interstitial  sites  with  close  vicinity  to  other  defects  and  im¬ 
purities.  Interestingly,  the  PL  spectrum  excited  at  571  nm  is 
very  similar  to  PL  spectra  obtained  under  above-gap  pump¬ 
ing,  which  shows  that  this  Eu3+  center  dominates  under 
carrier-mediated  excitation.  More  site-selective  PL  and  PLE 
studies  of  the  different  Eu3+  centers  in  GaN  are  in  progress. 

3.3.  Tin-doped  AlxGa\-xN  (0  <  x  <  1 ) 

PL  spectra  of  Tm-doped  GaN  under  above-gap  excitation 
at  15,  150,  and  300  K  are  shown  in  Fig.  7.  The  emission 
is  dominated  by  a  broad  band  centered  at  ~530nm,  which 
extends  from  roughly  450  to  750  nm  and  resembles  the 
well-known  yellow  band  emission  from  GaN  [31,32].  An 
infrared  emission  line  at  ~803  nm  can  be  assigned  to  the 
intra-4f  transition  3H4  — >  3Hf,  of  Tm3+  ions  [33].  A  weak 
shoulder  at  ~479nm  indicates  the  blue  emission  line  from 
the  *G4  — »■  3H6  transition  of  Tm3+.  The  PL  intensity  of 
479  nm  line  increases  slightly  when  cooling  the  sample 
down  to  15  K.  Compared  to  the  visible  PL  from  GaN:Er 


Fig.  7.  PL  spectra  of  Tm-doped  GaN  under  above-gap  excitation  at  15, 
150,  and  300  K.  The  shoulder  at  479  nm  indicates  blue  emission  from  the 
1 G4  — >  3H6  intra-4f  transition  of  Tm3+. 

and  GaN:Eu,  the  blue  emission  from  GaN:Tm  is  orders 
of  magnitude  weaker  under  above-gap  pumping,  which  in¬ 
dicates  that  Tm3+  ions  are  not  efficiently  excited  through 
carrier  recombination  processes. 

An  energy  transfer  model  based  on  a  RE-related  trap 
level  was  proposed  by  Takahei  et  al.  for  InP:Yb  and  later 
extended  to  other  RE-doped  semiconductors  [34,35].  In  this 
model,  RE  doping  of  a  semiconductor  leads  to  the  formation 
of  a  RE  related  level  in  the  band-gap  of  the  host.  This  level 
can  trap  photo-excited  free  carriers,  which  subsequently 
recombine  and  transfer  their  energy  to  intra-4f  RE  transi¬ 
tions.  Our  recent  PL  excitation  measurements  of  GaN:Eu 
provided  experimental  evidence  for  an  Eu  trap-level  at 
~0.3eV  below  the  conduction  band  of  GaN  [27].  A  simi¬ 
lar  level  was  reported  by  Li  et  al.  using  Fourier  transform 
infrared  (FTIR)  measurements  [9]  and  by  Vantomme  et  al. 
using  deep  level  transient  spectroscopy  (DLTS)  [36].  An  Er 
related  trap-level  at  ~0.3  eV  was  also  reported  for  GaN:Er 
[37].  The  recombination  energy  of  carriers  trapped  at  the 
Eu/Er  related  traps  in  GaN  is  then  estimated  to  be  ~3.1  eV, 
which  energetically  matches  intra-4f  transitions  of  Eu3+ 
and  Er3+,  respectively  [19].  Therefore,  the  carrier-mediated 
energy  transfer  to  Er3+  and  Eu3+  seems  to  occur  with  high 
efficiency.  On  the  contrary,  the  energy  level  structure  of 
Tm3+  does  not  exhibit  an  energy  level  at  ~3.1eV.  Con¬ 
sequently,  a  carrier-mediated  energy  transfer  process  to 
Tm3+  ions  is  less  likely  to  occur  in  GaN:Tm.  A  similar 
explanation  was  recently  proposed  for  the  poor  above-gap 
excitation  efficiency  of  Tb3+  ions  in  GaN:Tb  [9], 

In  an  effort  to  optimize  the  carrier-mediated  excitation 
of  Tm3+  ions  in  Ill-nitrides,  we  are  currently  exploring  the 
energy  transfer  process  to  Tm3+  as  a  function  of  band-gap 
energy.  Fig.  8  shows  preliminary  emission  spectra  for 
Tm-doped  Al.vGai_AN  with  x  =  0  (GaN),  0.13,0.24,  0.29, 
0.44,  and  1  (AIN).  The  corresponding  band-gap  energies 
are  3.4  eV  (GaN),  3.64,  3.88,  3.99,  4.89,  and  6.2  eV  (AIN) 
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Fig.  8.  PL  spectra  of  Tm-doped  Al^Gai-^N  with  x  =  0  (GaN),  0.13, 
0.24,  0.29,  0.44,  and  1  (AIN)  under  250  nm  excitation. 

respectively.  The  emission  was  excited  at  250  nm,  which 
corresponds  to  above-gap  pumping  for  all  investigated 
AlGaN  samples,  but  results  in  below-gap  excitation  for 
AlN:Tm.  As  discussed  before,  hardly  any  blue  emission 
was  observed  from  GaN:Tm  (lowest  trace  in  Fig.  8).  With 
increasing  Al  content  an  enhancement  of  the  478  nm  line 
from  Tm3+  is  observed.  In  addition,  a  new  blue  emission 
line  appears  at  ~466  nm.  Based  on  a  comparison  to  existing 
literature  [38],  the  466  nm  line  is  tentatively  attributed  to 
emission  from  the  1  Lb  -*  3F4  transition  of  Tm3+  ions.  The 
overall  blue  emission  from  both  lines  at  466  and  479  nm 
reached  a  maximum  for  an  Al  content  of  x  =  0.29,  with 
the  466  nm  line  having  the  highest  PL  intensity.  At  higher 
Al  content  the  total  blue  emission  started  to  decrease  and  at 
x  =  0.44  only  weak  blue  emission  at  466  nm  was  observed. 
On  the  contrary,  below-gap  pumping  at  250  nm  of  AlN:Tm 
resulted  into  strong  blue  emission  with  intense  lines  at 
~466  and  479  nm.  For  AlN:Tm,  the  blue  emission  is  most 
likely  excited  through  some  broad  defect  level  in  the  host. 

Fig.  8  clearly  demonstrates  the  sensitivity  of  the  blue 
Tm3+  emission  on  the  Al  content  and  hence  the  band-gap  of 
AlGaN.  It  cannot  be  excluded,  however,  that  also  chemical 
effects  related  to  the  presence  of  Al  change  the  Tm3+  incor¬ 
poration  and  excitation  mechanisms,  similar  to  observations 
made  for  Er-doped  AlGaAs  [39,40].  The  initial  spectro¬ 
scopic  data  on  AlAGai_AN:Tm  indicate  that  the  excitation 
efficiency  of  the  1 G4  state  of  Tm3+  increases  up  to  x  ~  0.24. 
In  addition,  the  larger  bandgap  of  AlGaN  compared  to  GaN 
moves  the  1 D?  level  of  Tm3+  within  the  band-gap  of  the  host, 
which  results  in  emission  at  466  nm.  A  more  detailed  anal¬ 
ysis  of  the  emission  properties  of  AlGaN:Tm  and  AlN:Tm 


is  still  in  progress  and  will  be  discussed  in  a  forthcoming 
paper. 

4.  Conclusions 

Spectroscopic  results  on  the  PL  properties  of  GaN:Er, 
GaN:Eu,  GaN:Tm  and  AlGaN:Tm  were  presented. 
High-resolution  PL  and  pump-power  dependent  PL  studies 
of  GaN:Er  samples  revealed  that  the  Er3+  incorporation 
and  the  concentration  of  optically  active  Er  ions  is  strongly 
dependent  on  the  Ga-flux  during  MBE  growth.  Based  on 
PL  saturation  experiments,  we  concluded  that  only  a  small 
fraction  (<10%)  of  the  total  Er  ions  in  GaN  are  optically 
active  for  samples  grown  under  Ga-rich  conditions.  More 
PL  saturation  experiments  are  still  in  progress  to  determine 
the  absolute  concentration  of  optically  active  Er3+  ions  in 
GaN:Er  films.  The  low  optical  activation  of  Er3+  ions  in 
GaN  is  similar  to  recent  observations  made  for  Er-doped 
Si/amorphous  Si  [23].  This  issue  needs  to  be  further  ad¬ 
dressed  in  future  investigations  to  explore  the  full  potential 
of  RE-doped  GaN  for  device  applications.  High-resolution 
PL  excitation  studies  were  performed  on  GaN:Eu  and  al¬ 
lowed  the  identification  of  at  least  five  Eu3+  centers.  An 
absorption  line  at  an  unusually  low  wavelength  of  ~571  nm 
was  also  tentatively  assigned  to  the  5Do  -o-  7Fo  transition. 
The  Eu3+  center  selectively  excited  through  this  57 1  nm 
absorption  line  is  distinct  from  the  other  Eu3+  centers  and 
seems  to  dominate  the  above-gap  pumped  PL  emission 
spectrum.  GaN:Tm  exhibited  only  a  weak  blue  emission 
from  the  1 G4  ->  3  H g  transition  of  Tm3+  ions.  A  significant 
enhancement  of  the  blue  Tm3+  emission  was  obtained  un¬ 
der  above-gap  pumping  of  Tm-doped  AlAGai_AN  samples. 
Besides  emission  from  the  3G4  — »■  3H6  transition,  a  second 
blue  emission  line  appeared  around  466  nm  for  x  >  0.13, 
which  was  assigned  to  the  *D2  —*■  3F4  transition  of  Tm3+. 
Strong  blue  emission  from  the  'Di  and  1 G4  levels  of  Tm3+ 
was  also  observed  from  Tm-doped  AIN  under  below-gap 
excitation.  The  large  sensitivity  of  the  blue  emission  from 
Tm3+  on  the  band-gap  of  AlGaN  suggests  the  possibility  to 
optimize  the  RE  excitation  and  emission  properties  through 
careful  band-gap  engineering  of  the  host. 
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Abstract 

We  report  on  the  first  successful  synthesis  of  Er-doped  III-N  double  heterostructures  (DHs)  grown  on  sapphire  substrates.  AlGaN  layers, 
with  an  A1  concentration  of  ~12%,  were  prepared  by  metalorganic  chemical  vapor  deposition  and  Er-doped  GaN  layers  by  molecular  beam 
epitaxy.  The  Er  concentration  was  estimated  to  be  ~1018  cm-3.  GaN:Er/ AlGaN  single  heterostructures  (SHs)  and  AlGaN/GaN:Er/ AlGaN 
DHs  were  studied  using  photoluminescence  (PL)  spectroscopy.  Emission  lines  characteristic  of  the  GaN:Er  system  (green:  537  and  558  nm, 
infrared:  1530  nm)  were  observed  in  all  samples.  With  UV  excitation,  the  infrared  PL  from  the  DHs  showed  a  marked  improvement  compared 
to  the  SHs.  The  PL  intensity  increased  and  the  spectra  showed  less  defect-related  emission.  The  enhanced  PL  properties  may  be  due  to  more 
effective  confinement  of  electron-hole  pairs  in  the  quantum  well  region. 

©  2003  Elsevier  B.V.  All  rights  reserved. 

PACS:  61.72;  71.55;  78.55;  78.66;  71.20 
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1.  Introduction 

Wilson  et  al.  [1]  were  the  first  to  observe  optical  emission 
from  Er  ions  incorporated  in  IH-V  nitride  semiconductors. 
GaN  films  were  implanted  with  Er+  +  0+  ions  and  then  an¬ 
nealed  at  ~650-700°C.  The  Er  densities  were  determined 
using  secondary  ion  mass  spectrometry  (SIMS)  analysis  and 
the  maximum  Er  density  was  on  the  order  of  1019  cm-5  at  a 
depth  of  ~0. 1  pm.  Strong  infrared  luminescence,  centered 
at  1.54  pm,  was  measured  from  the  Er-implanted  GaN  sam¬ 
ples  using  laser  excitation  at  a  wavelength  of  457.9  nm.  The 
spectra  were  centered  at  1 .54  pm  and  displayed  many  dis¬ 
tinct  lines  indicative  of  the  allowed  transitions  between  the 
4/ 13/2  and  the  4/is/2  manifolds  of  the  Er3+  4f  system.  At 
room  temperature,  the  integrated  Er3+  luminescence  inten¬ 
sity  was  more  than  50%  that  at  77  K.  However,  ion  implan¬ 


*  Corresponding  author.  Tel.:  +1-919-5494238;  fax:  +1-919-5494310. 
E-mail  address:  john.zavada@us.army.mil  (J.M.  Zavada). 


tation  introduces  considerable  damage  to  the  crystal  host 
and  post-implantation  annealing  was  required  to  achieve  any 
Er3+  luminescence. 

Subsequently,  MacKenzie  et  al.  [2]  succeeded  in  grow¬ 
ing  GaN  films  doped  with  Er  atoms  using  a  metalorganic 
molecular  beam  epitaxy  (MOMBE)  system  with  a  solid  ele¬ 
mental  Er  source  and  triethylgallium  (TEGa)  for  the  Ga  flux. 
SIMS  analysis  of  the  Er-doped  GaN  layers  indicated  that  Er 
densities  in  the  1019— 102°  cm-3  range  were  achieved  over 
a  thickness  from  0.5  to  1.0  pm.  Later,  Steckl  and  Birkhahn 
[3]  and  Birkhahn  and  Steckl  [4]  achieved  in  situ  doping  of 
GaN  films  using  solid  source  MBE  (SSMBE).  The  Er  con¬ 
centration  in  the  GaN  film  reached  3  x  102°cm-3.  These 
studies  were  expanded  to  yield  GaN  films  doped  with  other 
rare  earth  elements  such  as  Pr,  Eu,  and  Tm  [5]. 

Hommerich  et  al.  [6]  compared  the  infrared  lumines¬ 
cence  properties  of  Er-doped  GaN  films  grown  by  MOMBE 
and  by  SSMBE.  Both  types  of  samples  displayed  charac¬ 
teristic  1 .54  pm  PL  resulting  from  the  intra-4f  Er3+  transi¬ 
tions.  With  below-gap  excitation  the  samples  exhibited  very 
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similar  1.54  |jim  PL  features  and  intensities.  However,  with 
above-gap  excitation,  very  different  PL  features  and  intensi¬ 
ties  were  found.  The  SSMBE  samples  exhibited  a  PL  nearly 
80  times  more  intense  than  that  observed  from  the  MOMBE 
sample.  The  infrared  PL  signal  was  exhibited  very  stable  at 
temperatures  as  high  as  550  K. 

Since  GaN  has  a  bandgap  of  ~3.51  eV,  it  should  be  possi¬ 
ble  to  observe  visible  emission  from  higher  excited  4f  levels 
of  the  Er  ions.  Steckl  and  Birkhahn  [3]  were  the  first  to  mea¬ 
sure  such  emission  in  GaN:Er  films  prepared  by  SSMBE 
[3].  With  above-bandgap  excitation,  these  films  exhibited 
intense  green  PL  for  transitions  from  the  2Hn/2  and  4S3/2 
excited  levels  to  the  4/is /2  ground  state.  The  visible  lumines¬ 
cence  spectra  exhibited  two  primary  lines  located  at  537  nm 
(2.309  eV)  and  558  nm  (2.222  eV).  None  of  the  GaN:Er 
films  prepared  by  MOMBE  exhibited  green  emission. 

Following  these  early  studies,  there  have  been  many  ef¬ 
forts  to  improve  the  visible  and  infrared  luminescence  from 
GaN  films  doped  with  Er  and  other  rare  earth  ions  [7-9]. 
The  demonstration  of  visible  thin-film  electroluminescence 
(TFEL)  devices  based  on  this  class  of  materials  has  stirred 
wide  spread  interest  for  possible  applications  in  full  color 
displays  [10].  Prime  candidates  for  red-green-blue  (RGB) 
emission  are  the  rare  earth  ions  Eu3+  (red),  Er3+  (green),  and 
Tm3+  (blue).  A  full-color  TFEL  phosphor  system  has  been 
shown  to  yield  high  brightness  (500-1000  cd/m2)  under  di¬ 
rect  current  operation  [11].  These  studies  have  also  shown 
that  growth  conditions  significantly  impact  the  Er3+  lattice 
location  and  the  concentration  of  optically  active  Er3+  ions. 

Here,  we  report  on  the  first  successful  synthesis  of 
GaN:Er/AlGaN  heterostructures  grown  through  a  combina¬ 
tion  of  metalorganic  chemical  vapor  deposition  (MOCVD) 
and  molecular  beam  epitaxy  on  c-plane  sapphire  substrates. 
Characteristic  visible  and  infrared  emission  lines  of  the 
GaN:Er  system  were  observed  in  these  samples,  even  for 
those  with  the  thinnest  Er-doped  regions.  With  UV  excita¬ 
tion  the  infrared  PL  signal  from  the  double  heterostructures 
(DHs)  showed  a  marked  improvement  compared  to  the 
uncapped,  single  heterostructures  (SHs). 

2.  Experimental  details 

The  synthesis  of  the  III-N  heterostructures  was  achieved 
through  a  multi-stage  growth  process.  First,  AlGaN  epi- 
layers  were  grown  by  MOCVD  on  sapphire  (0001)  sub¬ 
strates,  as  described  elsewhere  [11].  The  n-type  layers  were 
~1  p,m  thick,  with  an  Al  content  ~  1 2%  and  a  Si  doping 
~1018cm-3.  This  corresponds  to  a  bandgap  of  ~3.75eV 
for  the  Alo.i2Gao.88N  alloy.  Subsequently,  GaN:Er  epilay- 
ers  were  grown  by  MBE  and  had  an  Er  concentration  of 
~1018cm-3  [12].  Two  GaN:Er  layer  thicknesses  were  pro¬ 
duced,  7  and  200  nm.  After  this  stage,  each  sample  was  cut 
into  two  parts.  One  set  was  reserved  for  characterization,  the 
other  for  a  second  growth  of  AlGaN  by  MOCVD.  The  top 
AlGaN  layer  was  ~200  nm  thick,  again  with  ~12%  Al. 


PL  spectra  were  measured  using  either  the  UV  argon  laser 
lines  (336-363  nm)  or  a  visible  argon  laser  line  at  496.5  nm. 
Infrared  PL  spectra  were  recorded  using  a  1  -m  monochroma¬ 
tor  equipped  with  a  liquid-nitrogen  cooled  Ge  detector.  The 
visible  PL  measurements  were  made  using  a  thermo-electric 
cooled  photomultiplier  tube  for  detection.  The  signal  was 
processed  using  lock-in  techniques  or  a  boxcar  averager. 
The  obtained  PL  spectra  were  not  corrected  for  the  spectral 
response  of  the  set-up. 

3.  Results  and  discussion 

In  Fig.  1  are  shown  the  infrared  PL  spectra,  measured  at 
room  temperature,  for  the  200  nm  SH  and  the  corresponding 
DH.  The  laser  pump  wavelength  (kp)  of  496.5  nm  overlaps 
an  intra-4f  Er3+  absorption  line  (4/i5/2  — >4  T9/2)  [13].  The 
energy  of  the  pump  photons  (2.48  eV)  is  below  the  bandgap 
of  both  the  GaN  and  the  Alo.12Gao.88N  epilayers.  As  can  be 
seen  in  Fig.  1,  there  is  little  difference  in  the  two  spectra. 
The  main  emission  lines  represent  those  from  the  Er3+  4f 
system  near  1 .54  |xm  and  1 .0  p,m.  The  data  indicate  that 
there  are  optically  active  Er3+  ions  in  the  GaN:Er  epilayers 
and,  that  the  absorption  of  the  pump  radiation  in  the  top 
Alo.12Gao.88N  layers  in  the  DH  was  minimal.  Furthermore, 
the  MOCVD  growth  of  the  top  layer  did  not  significantly 
alter  the  optically  activity  of  the  Er3+  ions. 

The  data  for  the  7  nm  SH  and  the  corresponding  DH  were 
not  as  conclusive.  The  PL  signals  were  weak  and  no  distinct 
Er3+  emission  lines  could  be  observed.  This  may  be  due 
to  the  low  excitation  cross-section  for  the  Er3+  ions  under 
resonant  pumping  and  the  very  thin  Er-doped  regions  found 
in  these  samples. 

The  PL  measurements  using  the  UV  lines  at  ~336-363  nm 
yielded  different  results.  The  energy  of  the  pump  photons 


Fig.  1.  Infrared  PL  spectra  of  a  200  nm  GaN:Er/AlGaN  SH  (dotted  line) 
and  a  200  nm  AlGaN/GaN:Er/AlGaN  DH  (solid  line).  The  spectra  were 
measured  at  300  K  using  pump  radiation  at  496.5  nm. 
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Above-gap  excitation 


Fig.  2.  Infrared  PL  spectra  of  a  200  nm  GaN:Er/AlGaN  SH  (dotted  line) 
and  a  200  nm  AlGaN/GaN:Er/AlGaN  DH  (solid  line).  The  spectra  were 
measured  at  300  K  using  pump  radiation  at  336-363  nm. 

(3.67-3.40  eV)  is  above  the  bandgap  of  the  GaN  epilayer, 
but  below  that  of  the  Alo.12Gao.8sN  epilayer.  In  this  case, 
the  Er3+  ions  are  excited  via  electron-hole  (e-h)  pairs  that 
are  generated  in  the  GaN:Er  epilayer.  In  Fig.  2  are  shown  the 
infrared  PL  spectra  for  the  200  nm  SH  and  the  correspond¬ 
ing  DH.  While  both  spectra  have  features  characteristic  of 
the  Er3+  system,  the  intensity  from  the  DH  is  ~3  times  that 
from  the  SH.  Since  there  may  be  some  absorption  of  the 
pump  radiation  in  the  Alo.12Gao.88N  cover  layer,  the  actual 
increase  of  PL  intensity  in  the  DH  may  be  even  greater.  The 
improved  excitation  efficiency  of  Er3+  in  the  DH  seems  to 
be  due  to  better  e-h  confinement  in  the  GaN:Er  epilayer 
as  a  result  of  the  band  offsets  with  the  Alo.12Gao.88N  epi- 
layers.  Rather  than  recombining  at  the  air-semiconductor 
interface  as  in  the  SH,  the  e-h  pairs  in  the  DH  may  have 
a  greater  probability  of  recombining  near  Er-related  com¬ 
plexes.  In  addition,  the  top  Alo.12Gao.88N  epilayer  reduces 
or  eliminates  surface  recombination  of  the  e-h  pairs  [14]. 

The  data  for  the  7  nm  SH  and  the  corresponding  DH  also 
show  an  improvement  with  UV  pumping.  As  shown  in  Fig.  3, 
the  PL  spectrum  for  the  7  nm  SH  is  broad  and  not  charac¬ 
teristic  of  Er3+  emission.  The  PL  spectrum  for  the  7  nm  DH 
has  definite  features  of  Er3+  emission  near  1.54  p.m.  As  in 
the  case  of  the  200  nm  DH,  confinement  of  e-h  pairs  in¬ 
creases  the  transfer  of  energy  to  the  Er3+  ions.  The  layer 
dimensions  of  the  7  nm  DH  are  such  that  it  is  appropriate 
to  use  the  term  quantum  well  (QW)  to  describe  this  struc¬ 
ture.  With  a  well  thickness  of  7  nm  and  an  Al  content  of 
12%,  quantum  size  effects  are  expected.  This  would  likely 
lead  to  the  Er  ions  experiencing  a  host  region  with  a  slightly 
higher  bandgap  and  to  an  increase  in  the  e-h  lifetime.  How¬ 
ever,  the  main  improvement  in  the  PL  signal  appears  to  be 
due  to  a  greater  confinement  of  e-h  pairs  in  the  GaN:Er 
region. 


Above-gap  excitation 


Fig.  3.  Infrared  PL  spectra  of  a  7nm  GaN:Er/AlGaN  SH  (dotted  line) 
and  a  7  nm  AlGaN/GaN:Er/AlGaN  DH  (solid  line).  The  spectra  were 
measured  at  300  K  using  pump  radiation  at  336-363  nm. 

The  PL  spectra  for  the  two  DHs  are  compared  in  Fig.  4. 
The  spectra  are  quite  similar  except  that  the  intensity  from 
the  200  nm  DH  is  ~4  times  greater  than  that  from  the  7  nm 
DH.  It  is  surprising  that  the  thicker  DH  did  not  yield  a 
higher  intensity  comparer  to  the  thinner  one.  For  the  UV 
wavelengths  of  336-363  nm,  the  absorption  coefficient  for 
undoped  GaN  is  ~105  cm-1  [15].  Assuming  that  the  absorp¬ 
tion  for  Er-doped  GaN  is  at  least  as  high,  the  intensity  of 
the  pump  radiation  is  reduced  by  ~86%  before  reaching  the 
second  interface  of  the  200  nm  DH  and  by  only  ~7%  before 
reaching  the  second  interface  of  the  7  nm  DH.  Consequently, 
since  the  generation  of  e-h  pairs  is  dependent  upon  amount 
of  absorbed  radiation,  the  intensity  from  the  200  nm  DH 


Fig.  4.  Infrared  PL  spectra  of  two  AlGaN/GaN:Er/AlGaN  DHs  measured 
at  300  K.  The  samples  were  excited  with  pump  radiation  at  336-363  nm. 
The  GaN:Er  layer  was  7nm  in  one  (dotted  line)  and  200  nm  thick  in  the 
other  (solid  line). 
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should  be  ~  10— 15  times  greater  than  that  from  the  7  nm  DH. 
The  experimental  result  may  be  due  to  greater  absorption 
of  the  pump  radiation  in  the  GaN:Er  layer  and  to  the  closer 
proximity  of  the  second  heterojunction  in  the  thinner  sample. 

4.  Conclusions 

There  have  been  a  few  previous  efforts  to  introduce  rare 
earth  ions  in  DH  or  QW  regions.  Sotta  et  al.  reported  on 
Er  +  O  implantation  into  Si/SiCH  quantum  wells  having  a 
well  thickness  of  200 nm  [16].  They  found  that  the  1.54  |xm 
emission  at  10  K  was  3-4  times  more  intense  than  that  from 
similarly  implanted  bulk  Si  samples.  Confinement  of  e-h 
pairs  was  cited  as  the  physical  mechanism  leading  to  en¬ 
hanced  luminescence.  Fujiwara  et  al.  have  studied  lumi¬ 
nescence  from  GaInP/GaAs:Er,  O/GalnP  DHs  grown  by 
MOCVD.  They  found  the  PL  intensity  at  4.2  K  from  the  DHs 
was  ~3  times  higher  than  that  from  a  SH  [14],  They  also 
processed  the  structures  into  light  emitting  diodes  (LEDs) 
measured  strong  room  temperature  Er3+  luminescence  un¬ 
der  forward  bias  [17]. 

With  wide  bandgap  semiconductors,  Lozykowski  et  al. 
reported  on  the  implantation  of  Eu  into  an  AlGaN/GaN  su¬ 
perlattice  (SL)  [18].  Well  thickness  in  the  SL  was  4nm  and 
barrier  thickness  was  6  nm.  Post-implantation  annealing  was 
needed  to  achieve  emission  from  the  Eu3+  centers.  Room 
temperature  luminescence  at  622  nm  was  58%  more  intense 
than  that  from  similarly  implanted  GaN  thin  film  samples. 
However,  due  to  the  implantation,  the  Eu  ions  were  located 
in  the  AlGaN  barriers  as  well  as  in  the  GaN  wells.  It  is  diffi¬ 
cult  to  conclude  from  their  experiments  that  e-h  confinement 
was  responsible  for  the  enhancement.  In  the  present  set  of 
experiments,  it  is  more  certain  that  the  Er3+  ions  are  located 
in  a  single  GaN  epilayer  and  that  the  enhanced  luminescence 
at  RT  is  due  to  better  e-h  confinement  and  reduced  surface 
recombination.  The  use  of  MOCVD  and  MBE  growth  tech¬ 
niques  has  permitted  the  synthesis  of  precise  multilayer  SHs 
and  DHs.  Such  structures  are  the  basic  building  blocks  that 
can  be  used  to  form  true  Er-doped,  AlGaN/GaN  p-n  LEDs 
in  the  future. 
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PACS  78.55.Cr 

The  infrared  (IR)  emission  properties  of  in-situ  Tm  doped  AlxGal  xN  thin  films  (0  <  x  <  1)  prepared  by  so¬ 
lid-source  molecular-beam  epitaxy  were  investigated.  All  samples  exhibited  1.48  pm  photoluminescence 
(PL)  from  the  3H4A3F4  transition  of  Tm3*.  The  absolute  intensity  of  the  1.48  pm  PL  varied  strongly  with 
A1  content  and  reached  a  maximum  for  Al081Ga019N:Tm.  The  integrated  1.48  pm  PL  from  Al0glGa019N:Tm 
was  weakly  temperature  dependent  and  decreased  by  less  than  a  factor  of  two  between  15  K  and  300  K. 
The  PL  lifetime  of  the  3H4  state  decreased  only  slightly  from  -102  ps  to  -86  ps  for  the  same  temperature 
range.  The  results  suggest  that  non-radiative  decay  processes  in  the  H4  level  are  small  in  Al081Ga019N:Tm, 
which  is  supported  by  the  well-known  energy-gap  law  for  multiphonon  relaxations. 
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1  Introduction 

In  recent  years  rare-earth  (RE)  doped  semiconductors  have  received  significant  attention  because  of 
possible  applications  in  display  technology,  lasers,  and  optical  communications  [1].  Earlier  work  on 
infrared  studies  of  RE  doped  semiconductors  was  mainly  focused  on  the  1 .54  pm  emission  from  Er3*  ions 
due  to  the  overlap  with  the  minimum  loss  window  of  silica  based  fibers.  The  growing  demand  for  in¬ 
creased  bandwidth  of  optical  communication  systems  has  prompted  efforts  to  study  the  IR  emission  from 
other  RE  ions  such  as  Dy3+  (1.3  pm),  Pr3*  (1.3,  1.6  pm),  Nd3+  (1.3  pm),  and  Tm3+  (1.48  pm).  Tm3*  is  cur¬ 
rently  considered  the  most  promising  candidate  for  S-band  optical  amplifiers,  which  cover  a  wavelength 
range  from  1450  to  1530  nm  [2]. 

Tm3*  doped  insulators  exhibit  an  IR  emission  band  at  -  1.48  pm  from  the  3H4  ->  3F4  transition  [3-5]. 
There  are  several  drawbacks  inherent  to  this  transition  of  Tm3*.  The  first  problem  relates  to  the  Tm3* 
concentration  and  possible  cross-relaxation  among  Tm3*  ions  (see  Fig.  1).  During  this  process,  an  excited 
Tm3*  ion  decays  from  the  3H4  state  and  transfers  its  energy  to  another  Tm3*  ion  in  the  3H6  ground  state. 
Consequently,  both  ions  end  up  in  the  3F4  level  (3H4,3H6  ->  3F4,3F4),  which  reduces  the  1.48  pm  PL  inten¬ 
sity  and  leads  to  enhanced  emission  at  -1.8  pm.  Therefore,  the  Tm3*  concentration  has  to  be  carefully 
optimized  to  reduce  the  effect  of  cross-relaxation  [3-5].  Moreover,  the  1.48  pm  Tm3*  PL  has  a  self¬ 
terminating  nature  since  the  lifetime  of  the  upper  level  3H4  is  shorter  than  that  of  the  lower  3F4  level  This 
difficulty  can  be  overcome  by  using  upconversion  pumping  schemes  or  co-doping  with  Ho3*  or  Tb3* 
[3,4]. 
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Fig.  1  Schematic  energy-level  diagram  of  Tm3* 
indicating  cross-relaxation  processes. 


Finally,  the  3H4  level  can  decay  non-radiatively  to  the  lower  lying  3H5  level,  which  results  in  a  low  emis¬ 
sion  efficiency  of  the  1.48  pm  PL.  Therefore,  Tm3*  hosts  for  optical  communications  applications  have 
been  restricted  to  low  phonon  energy  hosts,  which  provide  a  low  probability  for  multiphonon  relaxation 
[3-5].  So  far,  very  little  attention  has  been  paid  to  3H4  ->  3F4 transition  in  Tm3+doped  semiconductors  [1], 
In  this  paper  we  report  on  the  1.48  pm  PL  properties  of  AlxGaj  xN:Tm  films  as  a  function  of  host  compo¬ 
sition  and  temperature. 


2  Experimental  details 

Tm  doped  AlxGaj  xN  films  were  grown  on  p-type  (111)  Si  substrates  by  solid-source  molecular  beam 
epitaxy  with  various  A1  compositions:  x  =0  (GaN),  0.16,  0.29,  0.39,  0.62,  0.81,  and  1  (AIN).  The  Tm  cell 
temperature  was  -600  °C  resulting  in  Tm  concentrations  between  -0.2  and  -0.5  at.%.  The  details  of  the 
material  preparation  were  previously  reported  [6].  PL  spectra  were  measured  using  the  UV  laser  lines 
(333.6-363.8)  nm  of  an  Argon  laser  for  excitation.  The  PL  lifetime  was  measured  using  a  Nd:YAG 
pumped  Optical  Parametric  Oscillator  (OPO)  system  (10  ns  pulses,  10  Hz  repetition  rate).  For  tempera¬ 
ture  dependent  PL  measurements,  the  sample  was  mounted  on  the  coldfinger  of  a  two-stage  closed-cycle 
helium  refrigerator.  The  PL  signal  was  focused  into  a  1-m  monochromator  and  detected  using  a  liquid 
nitrogen  cooled  Ge  detector  in  combination  with  standard  lock-in  technique.  The  PL  decay  transients 
were  monitored  at  -800  nm  using  a  photomultiplier  tube  and  the  signal  was  averaged  on  a  digital  oscillo¬ 
scope. 


3  Results  and  discussion 

Figures  2a  and  b  show  the  room  temperature  IR  PL  spectra  of  Tm  doped  AlxGalxN  films  with  varying  A1 
content.  The  corresponding  bandgap  energies  are  given  in  the  figure.  The  PL  spectra  were  measured 
using  the  UV  Argon  laser  lines  (333.6-363.8)  nm,  which  corresponds  to  below-gap  excitation  for  Alx 
Gaj  xN  samples  with  x  >  0  and  above-gap  pumping  for  x  =  0  (GaN).  IR  emission  bands  centered  around 
1 .2  pm,  1 .48  pm,  and  1 .7  pm  were  observed,  which  can  be  assigned  to  the  intra-4f  transitions  3H5  ->  3H6 , 
3H4  ->  3F4 ,  and  3F4  ->  3H6  of  Tm3*  ions,  respectively  [3-5].  It  was  noticed  that  the  1.48  pm  PL  intensity 
(Fig.  2a)  and  spectral  features  (Fig.  2b)  varied  with  A1  contents  in  AlxGaj  xN:  Tm.  The  strongest  IR  emis¬ 
sion  at  -  1.48  pm  (3H4  ->  3F4)  was  observed  from  Al081Ga019N:Tm  with  a  linewidth  of  -  110  nm  at  full- 
width  half  maximum  (FWHM).  In  comparison,  typical  emission  linewidths  reported  for  the  1.54  pm 
emission  from  Er3*  ions  range  from  30-50  nm  [1,3]. 
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Fig.  2  a)  Infrared  PL  spectra  of 
AlxGai_xN:Tm  films  at  300  K  showing 
the  intensity  changes  as  a  function  of 
Al  content  .  b)  Normalized  IR  PL  of 
AlxGai_xN:Tm  for  direct  comparison  of 
spectral  changes.  The  dotted  line  indi¬ 
cates  the  position  of  the  1515  nm  PL  line. 


It  is  interesting  to  note  that  a  new  PL  line  located  at  -1515  nm  gained  in  intensity  with  increasing  Al 
content  (Fig.  2  b).  The  1515  nm  PL  could  indicate  changes  in  the  crystal  field  splittings  of  Tm3+  ions  for 
different  host  compositions.  It  is  also  possible  that  this  IR  emission  line  arises  from  transitions  between 
higher  excited  states  of  Tm3*  such  as  'G4  ->  3F2,  3F3or  D,  ->  ‘G4  [3].  With  increasing  bandgap  of  AlxGa, 
xN:  Tm,  the  G4  and  D,  states  shift  within  the  bandgap  of  the  host  and  participate  more  effectively  in  the 
emission  process  [6,7].  Several  researchers  have  studied  the  IR  emission  from  Tm  doped  materials  using 
Judd-Ofelt  analysis  and  reported  branching  ratios  of  less  than  -1%  for  the  'D,  -A  'G4  and  G,  ->  3F2  transi¬ 
tions  [8,9].  A  slightly  higher  branching  ratio  of  ~3%  has  been  reported  for  the  G4  ->  3F3  transition,  which 
makes  this  transition  the  most  likely  candidate  for  the  1515nm  line.  More  detailed  spectroscopic  studies 
on  the  identification  of  the  1515nm  PL  are  still  in  progress. 

The  infrared  emission  at  1.48  pm  of  Tm  doped  AloglGaol9N  was  measured  in  the  temperature  range 
from  15  to  300  K  as  shown  in  Fig.  3a.  It  was  observed  the  integrated  1.48  pm  PL  intensity  decreased  by 
less  than  a  factor  of  two  between  15  K  and  300  K.  The  PL  lifetime  of  the  3H4  excited  state  was  measured 
by  pumping  resonantly  into  the  ‘G4  level  at  -479  nm  and  monitoring  the  emission  at  -800  nm  through 
the  3H4  ->  3H6  transition  (see  insert  of  Fig.  3b.  The  PL  lifetime  of  3H4  state  decreased  from  -  102  ps  to  - 
86  ps  between  15  K  and  300  K,  which  suggests  that  nonradiative  multiphonon  processes  are  small.  As¬ 
suming  the  PL  decay  of  3H4  state  is  purely  radiative  at  15  K,  the  1.48  pm  emission  efficiency  can  be 
estimated  to  be  -  80%  at  300  K.  The  high  emission  efficiency  of  the  3H4  level  in  Al0glGa019N:Tm  Al- 
GaN:Tm  is  consistent  with  the  energy-gap  law  for  multiphonon  relaxations,  which  is  given  by  the  fol¬ 
lowing  expression  [3]:  -hm. 

Wm  =  a  ■  e  h'“ 


(1) 


where  W m  is  the  nonradiative  decay  rate,  a  and  (i  are  host  dependent  parameters,  AE  is  the  energy  gap 
between  the  RE  states  of  interest,  Pico  is  the  highest  phonon  energy.  According  to  equation  (1),  the  lower 
the  maximum  phonon  energy  of  the  host,  the  more  phonons  are  required  to  bridge  the  energy  gap  AE 
between  two  RE  levels.  Therefore,  nonradiative  decay  processes  are  less  likely  to  occur  in  low-phonon 
hosts.  For  AlGaN:  Tm,  the  energy  gap  between  3H4  and  3H5  level  was  estimated  to  be  -  4080  cm'1.  The 
maximum  phonon  energies  for  GaN:  Tm  and  AIN  are  — 750  cm'1  and  -900  cm'1,  respectively  [10],  The 
number  of  phonons  related  to  the  energy-gap  law  can  then  be  estimated  to  be  -  4. 6-5. 4,  which  is  compa¬ 
rable  to  results  reported  for  Tm  doped  tellurite  glasses  [4].  The  1.48  pm  emission  efficiency  in  Tm  doped 
telluride  glass  was  determined  to  be  near  unity  [4].  Based  on  the  energy  gap  law,  nonradiative  decay 
processes  for  the  3H4  in  AlGaN:  Tm  are  expected  to  play  only  a  minor  role. 
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Fig.  3  a)  Infrared  PL  spectra  of 
Al0S1Ga019N:Tm  over  a  temperature  range  from 
15-300  K.  The  PL  spectra  were  measured 
under  UV  Argon  laser  excitation  (333.6-363.8) 
nm.  b)  Temperature  dependent  PL  decay  cur¬ 
ves  monitored  at  808  nm.  A  partial  energy 
level  diagram  of  Tm3*  is  also  shown. 


4  Conclusions 

We  reported  on  the  IR  emission  characteristics  of  AI,Gal  :<N:  Tm  films  grown  by  solid-source  MBE.  All 
samples  showed  characteristic  1.48  pm  PL  from  the  3H4  ->  3F4  transition  of  Tm3*.  The  strongest  1.48  pm 
emission  was  observed  from  Al081Ga019N:  Tm  with  a  bandwidth  -110  nm.  Temperature  dependent  PL 
studies  revealed  a  high  emission  efficiency  of  1 .48  pm  PL,  consistent  with  predictions  derived  from  the 
energy-gap  law.  The  initial  studies  indicate  the  potential  of  AlGaN:  Tm  films  for  electroluminescence 
device  applications  in  the  S-band  optical  communcations  window. 
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ABSTRACT 

The  emission  properties  of  Eu  doped  GaN  thin  films  prepared  by  interrupted  growth 
epitaxy  (IGE)  were  investigated  through  excitation-wavelength  dependent  and  time-resolved 
photoluminescence  (PL)  studies.  Under  above-gap  excitation  (333-363  nm)  large  differences 
were  observed  in  the  Eu3+  PL  intensity  and  spectral  features  as  a  function  of  Ga  shutter  cycling 
time.  The  overall  strongest  red  Eu  PL  intensity  was  obtained  from  a  sample  grown  with  a  Ga- 
shutter  cycling  time  of  20  minutes.  The  main  Eu3+  emission  line  originating  from  5D0  7F2 

transition  was  composed  of  two  peaks  located  at  620  nm  and  622  nm,  which  varied  in  relative 
intensity  depending  on  the  growth  conditions.  The  room-temperature  emission  lifetimes  of  the 
samples  were  non-exponential  and  varied  from  —50  ps  to  -200  ps  (1/e  lifetimes).  Under  resonant 
excitation  at  47 1  nm  (7Fo->5D2)  all  samples  exhibited  nearly  identical  PL  spectra  independent  of 
Ga  shutter  cycling  time.  Moreover,  the  Eu  PL  intensities  and  lifetimes  varied  significantly  less 
compared  to  above-gap  excitation.  The  excitation  wavelengths  dependent  PL  results  indicate  the 
existence  of  different  Eu  centers  in  GaN:  Eu,  which  can  be  controlled  by  the  Ga  shutter  cycling 
time. 

INTRODUCTION 

Rare-earth  (RE)  doped  III-V  compound  semiconductors  have  received  significant 
attention  due  to  their  applications  in  light  emitting  devices  and  for  their  unique  optical  and 
electrical  characteristics  [1,2].  In  recent  years,  RE  ions  have  been  introduced  into  GaN  for 
optoelectronic  devices  operating  in  the  ultraviolet  (UV),  visible,  and  infrared  (IR)  spectral  region 
[1,2].  Eu3+  doping  of  GaN  has  been  of  particular  interest  because  of  its  efficient  red  emission  at  - 
622  nm  used  in  electroluminescence  (EL)  devices  [2].  In  addition,  Eu  exhibits  a  relatively 
simple  energy  diagram,  which  makes  Eu3+  an  excellent  spectroscopic  probe  [3-5].  The  ground 
state  level  7Fo  and  the  lowest  emitting  level  5Do  of  Eu3+  are  non-degenerate.  Therefore,  the 
optical  transition  5Do  7Fo  can  provide  important  infonnation  on  different  Eu3+  centers  in  the 
GaN  lattice. 

The  main  aim  of  this  research  is  to  develop  compact,  efficient,  and  bright  EL  devices 
based  on  RE  doped  GaN  thin  films.  To  achieve  this  goal,  the  materials  need  to  be  optimized  for 
several  growth  parameters:  e.g.  RE  concentration,  growth  temperature,  and  III/V  ratio.  In  this 
work,  a  set  of  GaN:Eu  samples  was  prepared  by  a  new  growth  technique  called  “Interrupted 
Growth  Epitaxy”  (IGE)  [6].  During  IGE  the  group  III  (Ga)  shutter  is  closed  for  a  certain  time 
interval,  which  allows  the  GaN:  Eu  film  to  compensate  for  any  nitrogen  deficiency. 
Improvements  in  the  GaN:  Eu  EL  device  performance  by  more  then  an  order  of  magnitude  were 


observed  from  GaN:  Eu  films  grown  by  IGE  compared  to  conventional  MBE  [6].  Initial  studies 
of  the  photoluminescence  (PL)  properties  of  these  samples  are  presented  in  this  paper. 

EXPERIMENTAL  PROCEDURES 

IGE  was  recently  developed  at  the  University  of  Cincinnati  in  order  to  detennine  the 
optimum  group  V/III  growth  ratio  for  GaN:  Eu.  Closing  the  Ga  shutter  for  a  certain  time  interval 
allows  the  GaN:Eu  film  to  compensate  for  any  nitrogen  deficiency.  A  set  of  Eu  doped  GaN  films 
with  group  III  (Ga)  shutter  open  times  of  5,  10,  15,  20,  30,  and  60  min  were  grown  using  IGE 
technique  on  Si  substrates.  A  full  growth  run  of  Eu  doped  GaN  covered  a  time  period  of  60 
minutes.  For  the  main  growth,  the  substrate  temperature  was  ramped  to  650  °C  and  the  Ga  cell 
temperature  was  900  °C.  The  Eu  cell  temperature  was  440  °C,  resulting  in  an  estimated  Eu 
concentration  of  ~0.1  at.  %  [6], 

PL  measurements  were  performed  using  the  UV  argon  laser  line  (333.6-363.8)  nm  for 
above-gap  excitation.  Resonant  pumping  into  the  7Fo  5D2  Eu3+  transition  at  ~  47 1  nm  was 
obtained  using  the  output  of  a  Nd:YAG  pumped  Optical  Parametric  Oscillator  (OPO)  system. 
For  temperature-dependent  PL  measurements,  the  sample  temperature  was  controlled  between 
15  K  and  300  K  using  a  two-stage  closed-cycle  helium  refrigerator.  The  visible  luminescence 
was  analyzed  by  a  0.5  or  1-m  monochromator  and  detected  with  a  thermo-electric  cooled 
photomultiplier  tube  (PMT).  PL  lifetime  data  were  taken  with  the  third  harmonic  output  of  a 
pulsed  Nd:YAG  laser  (355-nm)  for  above-gap  excitation  and  the  OPO  system  operating  at  —  471 
nm  for  resonant  excitation.  The  luminescence  signal  was  processed  using  either  a  lock-in 
amplifier  or  a  boxcar  averager  and  PL  decay  curves  were  recorded  using  a  digitizing 
oscilloscope. 


RESULTS  AND  DISCUSSION 
Above-gap  emission  spectra  and  PL  decay 

Figure  1  shows  an  overview  of  the  room-temperature  PL  spectra  of  Eu  doped  GaN  for 
various  Ga  shutter  cycling  times.  The  PL  was  excited  using  an  UV  argon  laser  (333.6-363.8 
nm),  which  corresponds  to  above-gap  pumping.  The  characteristic  Eu  red  emission  at  ~  622  nm 
attributed  to  the  intra-4f  5Do  7F2  transition  was  observed  in  all  samples  accompanied  by  other 
Eu34  lines  at  ~  601  nm  (5Do  7Fi)  and  ~  663  nm  (5Do  7F3).  The  strongest  red  emission  was 
observed  from  GaN:Eu  with  a  shutter  cycling  time  of  20  min  as  illustrated  in  Fig.  1  (a).  The 
integrated  PL  intensity  as  a  function  of  Ga  shutter  cycling  time  is  also  depicted  in  Fig.  1  (b). 

It  can  be  noticed  from  Fig.  1,  that  the  main  red  emission  line  consisted  of  two  peaks  at  ~ 
620  nm  and  ~  622  nm.  The  intensity  ratio  of  these  two  PL  lines  changed  as  a  function  of  Ga 
shutter  cycling  time.  The  GaN:Eu  sample  with  the  strongest  Eu3+  PL  intensity  exhibited  mainly 
emission  from  the  620  nm  PL  line.  The  observation  of  two  strong  5Do  7F2  PL  lines  suggests 
the  existence  of  two  dominant  Eu3+  sites  (labeled  in  the  following  as  site  1  and  site  2).  It  is  also 
interesting  to  note  that  the  PL  line  at  ~  633  nm  was  unusually  pronounced  in  some  GaN:Eu 
samples,  and  was  correlated  with  the  620  nm  PL  line  intensity.  The  weak  emission  lines  at  583, 
586,  and  589  nm  are  most  probable  due  to  5Do  7Fo  transitions  further  indicating  the  existence 
of  different  Eu3+  centers  in  GaN:Eu  samples  grown  by  IGE  technique  [6]. 
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Figure  1.  (a)  Room  temperature  PL  spectra  of  GaN:Eu  films  under  above-gap  excitation.  The  group  III 
shutter  open  times  are  also  indicated  in  the  graph,  (b)  Integrated  PL  intensity  of  GaN:Eu  films  as  a 
function  of  Ga/Eu  shutter  cycling  time. 

The  room  temperature  PL  decay  transients  under  above-gap  excitation  are  shown  in  Fig. 
2.  It  can  be  noted  that  the  PL  lifetimes  varied  significantly  between  the  samples.  The  PL  decay 
transient  of  the  strongest  emitting  sample  (20  min)  showed  a  1/e  lifetime  value  of  only  ~54  ps. 


0  200  400  600  800 


Time  (ns) 

Figure  2.  PL  decay  transients  of  GaN:Eu  films  under  above-gap  excitation  (355  nm)  at  300  K. 


The  PL  decays  of  GaN:Eu  films  with  Ga  shutter  cycling  times  of  10  and  15  min  were  nearly 
exponential  with  1/e  lifetime  values  of  -  208  ps.  The  5,  30,  and  60  min  samples,  which  have 
both  Eu  sites,  showed  PL  lifetimes  between  ~  75  ps  and  -120  ps.  The  PL  decay  measurements 
indicate  that  Eu3+  site  1  (PL  peak:  -  620  nm)  has  a  “short”  lifetime  of  -  54  ps  and  Eu3+  site  2  (PL 
peak:  -  622  nm)  possesses  a  “long”  lifetime  of  -  208  ps. 

Figure  3  depicts  the  temperature  dependent  PL  lifetimes  for  samples  with  Ga  shutter 
cycling  times  of  20  and  10  min.  The  PL  lifetime  of  the  20  min  sample  exhibited  a  large  change  in 
lifetime  between  15  K  and  300  K,  as  shown  in  Fig.  3  (a).  The  1/e  PL  lifetime  values  at  15  K  and 
300  K  were  -  158  ps  and  -  54  ps,  respectively,  which  shows  a  -  66  %  decrease  relative  to  its 
low  temperature  value.  On  the  other  hand,  the  PL  lifetimes  were  nearly  temperature  independent 
for  the  GaN:Eu  sample  with  a  Ga  shutter  time  of  10  min.  For  this  sample  the  lifetime  decreased 
by  only  -  17  %  relative  to  its  low  temperature  value  [see  Fig.  3  (b)].  The  large  difference  in  the 
decay  time  behavior  provides  further  support  for  the  existence  of  different  Eu3+  sites  in  these 
samples. 


Figure  3.  Temperature  dependent  PL  decay  transients  for  the  samples  with  Ga  shutter  time  (a)  20  min 
and  (b)  10  min  under  above-gap  excitation.  The  1/e  lifetime  values  are  also  indicated  in  the  graph. 

Below-gap  emission  Spectra  and  PL  decay 

To  gain  more  insight  in  the  Eu  PL  properties  of  GaN:Eu  prepared  by  IGE,  PL  spectra 
were  recorded  under  resonant  intra-4f  Eu3+  excitation  using  the  471nm  output  of  an  OPO  system 
[Fig.  4  (a)].  Nearly  identical  Eu3+  PL  spectra  with  the  5Do  7F2  emission  line  at  -  622  nm  were 
observed  for  all  samples.  This  observation  suggests  that  Eu3+  site  2  is  dominant  under  resonant 
pumping.  The  nonnalized  PL  spectra  under  above-gap  excitation  are  shown  in  Fig.  4  (b)  for 
comparison. 

The  differences  in  PL  spectra  under  above-gap  and  resonant-excitation  further  indicate 
that  different  Eu3+  centers  were  formed  in  GaN  during  the  IGE  growth  process.  Compared  to 
above-  gap  excitation,  resonant  Eu3+  excitation  preferentially  excites  only  one  Eu3+  site  (site  2). 


The  PL  decay  monitored  at  ~  622  nm  under  resonant-excitation  showed  that  the  transients  are 
nearly  exponential  with  variations  in  1/e  lifetimes  ranging  from  ~  100-215  ps. 


580  600  620  640  660  580  600  620  640  660 

Wavelength  (nm) 


Figure  4.  Normalized  PL  spectra  of  GaN:  Eu  under  (a)  resonant  and  (b)  above-gap  excitation.  The  group 
III  shutter  open  times  during  IGE  growth  are  also  indicated  in  the  graph. 


PL  excitation  measurements 

We  recently  studied  the  incorporation  of  Eu  ions  in  GaN:  Eu  films  grown  by 
conventional  solid-source  MBE  (SSMBE)  technique  and  identified  at  least  five  Eu  centers  [5]. 
Initial  PL  excitation  (PLE)  studies  at  room-temperature  were  performed  on  GaN:  Eu  samples 
grown  by  IGE  technique  as  shown  in  Fig.  5. 
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Figure  5.  Room  temperature  PLE  spectra  of  GaN:Eu  films  with  various  Ga  shutter  cycling  time. 
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The  Eu  luminescence  was  monitored  at  ~  622  mn  and  the  excitation  wavelength  was 
scanned  in  the  spectral  region  of  the  7Fo  5Do  transition  between  565  and  600  mn.  Interestingly, 
the  observed  PLE  spectra  were  similar  to  the  results  obtained  from  GaN:Eu  grown  by  SSMBE 
[5].  Three  main  PLE  peaks  were  observed  at  ~  571,  585,  and  588.5  mn  from  all  samples.  For 
some  samples  the  -571  mn  lines  exhibited  a  splitting  into  two  lines.  The  PLE  line  at  591  mn 
does  not  originate  from  the  7F0  ground  state,  as  previously  reported  [5].  The  obtained  PLE 
spectra  further  demonstrate  the  existence  of  different  Eu3+  centers  in  the  GaN:Eu  samples 
prepared  by  IGE  growth.  An  attempt  was  made  to  selectively  excite  the  different  Eu3+  centers 
using  the  tunable  laser  output  from  an  OPO  system.  However,  due  to  a  poor  signal  to  noise  ratio, 
no  spectral  differences  were  observed.  Further  site-selective  PL  spectroscopy  is  needed  to 
elucidate  the  incorporation  of  different  Eu  sites  in  GaN  sample  grown  by  IGE  technique. 

SUMMARY 

Spectroscopic  results  on  the  emission  properties  were  presented  on  a  set  of  GaN:Eu  films 
grown  by  interrupted  growth  epitaxy  (IGE).  The  strongest  Eu3+  red  emission  under  above-gap 
excitation  was  observed  for  a  sample  with  a  20  min  Ga  cycling  time.  Two  Eu  sites  with  the 
5D0  7F2  PL  peaks  located  at  620  mn  (site  1)  and  622  mn  (site  2)  were  dominant  in  the  above- 

gap  PL  spectra.  It  was  found  that  Eu  site  1  exhibited  a  “short”  lifetime  (~  54  ps)  and  Eu  site  2 
had  a  “long”  lifetime  (~  208  ps).  Contrary  to  above-gap  excitation,  resonant  Eu  excitation 
selectively  excited  only  one  Eu3+  center  (site  2).  PLE  measurement  in  the  7F0  5D0  spectral 

region  provided  further  supported  for  the  different  Eu  centers  in  these  samples.  Additional 
high-resolution  PL  and  site-selective  PL  studies  are  required  for  these  samples  to  obtain  a  better 
understanding  of  the  incorporation  of  Eu  ions  into  GaN.  Also,  efforts  to  relate  the  Eu  PL 
properties  to  the  crystalline  quality  of  GaN:  Eu  samples  grown  by  IGE  are  still  in  progress. 
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